ISSN 1881-4131
CODEN SGKYAO

HOBRMIE IS

Journal of the Japanese Association for Petroleum Technolog

; &" \',-“, ) . s P = 3 - ——

V=T 5 (T R




s = s - ZAK - #H

2 kK & B M R
Alak B A R X
Alaek & B £ F
N 4
W O®E o® & B W A woF K E H K ® A B A& H —
EOHE B oz /N RR & £ B X = % H #Hn — £ N AF =
+ B # F K M mk % HBopE R g B & MK H = 17
J& £ H B ¥ Z & H - T A
F T S S VA Mo N B ' = i W\ #® A FE N N
i A& 5 A i A E f# # oM H £ F H fel]
B =
il B WO Wz kO 5
[
A F Y O w i o E s 4 H F HE Wl 2 = % B OB &
it A B 4 B X HE O OE OHE M B4R B B K WE OB
O o— B A & R | + B OB B H f1 R A A
2mmEZAEK /N Rk S
WL ih & B & e W OHE A
EHERZAEK it & X
LEENEBRE R &
CCS % B E K M O %
HSE % B kK & H il
B & B K A& % A
ER&EHEZAE A MRl —
R—LAR—VREE B A R K
HEIND N Reprographic Reproduction outside Japan

BT 2V, ARSBEEE E O RGBT 2 R 2 —
FHENENE R RICRLL TBO X7,

WICEBEINZHEMOEE E CHEDOHE, () FiliEE
HEMRRVIFEEZI TRV, HL, REFEANCKDIHEN
FIMHMOEEICDNTIE, HEAEFEADEEIE NG GHE
2 — (D) Al (e 2 AV NAUT BESICBE T 2/
FZBmRLL TWDHHRE) CaURETTRERNEZ/KEL TnD
BECHo T, TOLBEITIVEEA HIFEMAENDOHE
FIZDOWTE, FFENBETY),

MERIZ e — AL N Al M I 2
T 107-0052  HEERHEK AR 9-641  JhARIRE L
FAX: 03-3475-5619 E-mail : info@jaacc.jp

BELSN O GEEM OB, f5ik, BIERS) 1I2BIL TiE, (b
FEMEEMERRICRER L THB 0 £ A, B, AmENins
ABEWEDE TS,
Gl e TEL:03-3214-1701 FAX:03-3214-1703

E-mail : office@japt.org

Making a copy of this publication

Please obtain permission from the following Reproduction
Rights Organizations (RROs) to which the copyright holder has
consigned the management of the copyright regarding reprographic
reproduction.

Obtaining permission to quote, reproduce; translate, etc.

Please contact the copyright holder directly.

<Except in the USA>

Japan Academic Association for Copyright Clearance (JACC), Inc.
9-6-41 Akasaka, Minato-ku, Tokyo 107-0052 Japan

FAX: 03-3475-5619 E-mail : info@jaacc.jp

<In the USA>

Copyright Clearance Center, Inc.

222 Rosewood Drive, Danvers, MA 01923, USA
Phone 978-750-8400 FAX 978-646-8600

Users in countries and regions where there is a local RRO under
bilateral contract with Japan Academic Association for Copyright
Clearance (JAACC)

Users in countries and regions of which RROs are listed on the
following website are requested to contact the respective RROs
directly to obtain permission.




68 1 il B = i

S—

2
]
2l
=
=
<l
|
|
=

=
2B
5
=
=
=

= F90%E 25 (BNTEIR)

— H R —

P FEUFRES [BREIRINF—RATAOHRREICAITT~KER - T EZT ~]

F?ﬁ%®§$ ........................................................................................................................... %4{% *[J% ... 37
KF T EZT7SOD 2T MR S JOGMEC %1%
~ T =K ER R E T D A R G S D PRI O FE T~ v veeeeererrmrmmmrreeeeee s A& BT - 39
,t,“DIE\y:/a\/kjj@%;)\b:r’ﬁ”jf:ﬂyogﬁﬂg} ........................................................................ %ﬁ i%fﬁj .- 45
FBIHITTCO TV~ - 7 BT W - R~ HRERBOBETL - ooovvovsseonnne HEEF PE - 50
KRKZEDB~27 1 —> TR E—BPEE LT O A BEME & ZEE A eeeeeermmmiiineee et NA M2 - 55
I A R N3 P il 121 1 ol T =it VY L | LR TR O P PP PPPPPT KA % 61
2 (D) i+ BA JEk - 67
WX
H—DH B ACROSS Z W4 1 LT 7 AMBREDETD A
--------------------- WK E - FH B2 HE BN HEE - RTUA R K2 s Syl TU v e 70
#®
BP/El {270 5 B EIC B D A A BET 2L B R D TR e eeeerrrrrrrereeeeee N 7. 81
# R
D G ral0) L B .= i & - 85
HEWE O LA IET < BAVEEE T O AR EB DY +vvveeeooe ek EE - AE M2 =8RG 93
CO, FEAFSIZ BV 2 15 5 OB HERE B BT DS eveeoeeeeseeenee B OPHE - R M- KB HEK 101
{ERIE D S BT 2R E IR e MR ohig - 1uA #ih - 115
—a—R
L R v L LT T PP PP PPPPPPS: 122
e ] By L P PP PPN 126

ﬁ%f'ﬁgﬂ ................................................................................................................................................ 126



Journal of the Japanese Association for Petroleum Technology
Vol. 90, No. 2 (March, 2025)

=
X
Pz
=]
K]

— Contents —

Autumn Meeting
“Initiatives towards the societal implementation of a low-carbon energy system : Hydrogen and Ammonia”

OPENING AAAFESS  ++++++++++rrrrrrrrrsrseste ittt ettt Toshihiro Takahashi --- 37
JOGMECs financial support for hydrogen and ammonia projects
—Introduction of project evaluation for e-fuel projects that utilize green hydrogen feedstock -+++-+--- Takayuki Motohashi --- 39
Initiatives toward the introduction of zero-emission thermal power plants «-«««-eseeeeererereeemannn.. Kenji Takahashi --- 45
Overview of the Kashiwazaki Clean Hydrogen and Ammonia Project in Niigata Prefecture ««---+---sreeeeeees Hiroshi Kozano --- 50
Natural hydrogen —potential and challenges as a clean energy resource =+« ««-«=ssesemsesrareseareeararteee. Ayumi Kosugi -+ 55
Role Of Ammonia tOWard Carbon Neutrality ........................................................................... Shigeru Muraki e 61
Summary of ClOSING FEMArKS  +++++ s xxrrrrreessssmintiittt ittt Tatsuo Shimamoto - 67
ORIGINAL ARTICLE
Application of time-lapse seismic technology using a single permanent source ACROSS
------------------ Hidehiko Shimizu, Naoyuki Shimoda, Hiroaki Tanaka, Yusaku Konishi, Don White and Erik Nickel --- 70
GLOSSARY
Overview for the current status of renewable energy projects in China based on the BP/EI Statistical Review of World Energy
........................................................................................................................ AtSuShi Nabetani -« 81
LECTURES
PhySICS Of POTOUS FOCKS ####+++####++++m s sttt ssmsstt ettt Osamu Nishizawa -+ 85

Estimation of two-phase fluid behavior in porous rocks based on rock properties
........................................................................ Keigo Kitamural, Hiroyuki Honda and YaSuhirO Mltanl e 93

Elastic wave velocity behavior of sandstone during CO, injection «+«-««+«=-=++--+- Tetsuo Aono, Toru Sano and Yuta Mizutani --- 101

Rock physics and petrophysics for geomechanical modeling of dipping thin layers
............................................................................................. KO]I Kashihara and ’I‘etsuya Yamarnoto cee 115

NEWS
Proceedings Of the JAPT «++++sessssnnnnmtttttettiiiitttt it e e 122
Drilling aCtiVIIEs [0 JAPAI «++++++++++xxrereeesetemmmtuntt ettt 126
POSESCIIPE  #++++++ s s s s s e e e e e e 126

Vi CWERBEMEREDE SREXHNSDMREE (BH : JAPEX)

B L ABEEFEADE REEHERE BEF v RIVERRT IR —C5 0~ (R : JAPEX)

B T HNDRBEEFSEBBECELIIEMRIHEBRICH T IEKRAESR (RH 1 INPEX)

left : Columnar jointing in the basalt of the Aosawa Formation at the fall of Tamasudare, Sakata city, Yamagata prefecture (provided
by JAPEX)

Upper right © Massive turbidite filling the submarine channel in the Akkeshi Formation in the Nemuro Group, Hamanaka Town, Hokkaido
prefecture (provided by JAPEX)

Lower right : Geological field trip at the Pleistocene Kitaura Formation outcrop, exposed at Oibanasaki, Oga Peninsula, Akita Prefecture
(provided by INPEX)



37

WAt B 90% H2E (BFMT4E3H) 37~38H
Journal of the Japanese Association for Petroleum Technology
Vol. 90, No. 2 (March, 2025) pp. 37~38

Note
T 6 FEERE R
MERFE LRI F— 2 AT L OFRFIETANT T~KHE 7 BT ~]
Autumn Meeting

“Initiatives towards the societal implementation of a low-carbon energy system : Hydrogen and Ammonia”

Bl & o &
2E B OB R BT

Opening address of the Autumn meeting by Toshihiro Takahashi

B BREIOIITINET, 2ROEBHZETIIVNET, E5FXALBHNHEL LITET,

FITARHIIZZICON, NER—IVIZBBL WEZEEUERE £z BENATREERSZ A > 71 VEUE T THED
ERICODXOESHEILHEL BT ET,

IC, AH, YHEOTEHDTEMEINZLAHBoNEEEBNETOT, RIICAHEMHRICOVWTHEMZIET
WEEWeDBIZ, FRIOFHHEDREERBECDONTHA LIz EBNnET,

GIMENIHEOARLIZ 1933 £ TH D, SETINFEHEDIAET, YaoBEO2 BT, BUH 6 HkEza0 E
TEIB3 A TISNET, LEBRBZH O AMBRERICES T, SRIRSAEHELEOTH O £T., [URETFH
DD AR FADOEIITHET, HARNABEZSIMEL TWEH, YiHETHIEEREE O LI U TRBITHIET
5T EMRDENTNET, BAERWREIDMHAELT, EFENFIIEEOTEDD LGRS ELS LI, £0h
TYUHRDI v artEla E2REL, MRBOEKEIAET LI ENTEE LA ARNICEHEDI vy a i3, A
M- R AGRZE KR ZAUCBE T 2R - HiliOESE KANOHRZM U, HERREZRELERNS T3V F—DRER
MIcET 2] 2LEL, 2HIOAMEL THRELTBD £T,

IHIT, YHRELT, H—RoZa— AT S EIERMOMAAON T, BT B DMEE T 2 E s
MNE<, MOERNTERNARELCOR O EADEA TS bR EZEDOMPEFESTFICEBL, CCSEERZHHL
F U7, 4% AMRIE TR - 280l ZHUCHEE SRRz R BICEIC - IR LN S, S5 5EiourE &FE %z H
89 & & B2, carbon capture and storage (CCS) 2B L CIE —E iR EDIFE ST T, S - B - Wik a2 a0 -4
EDONMEZHREFBEHMILAZMAL T, MERBFARITANT ZROMAICERL TW ZEZHIBL TSV £,

FUHEOE Y g 0 TaM - KRBT AEFE, EELDEELENOEHICE > THROI>THD, FICEETS
i, TxRINF—0RTHGEERZT ETEHRDIATREBEHDTH D, I HIT, A - KRBT ARFICBWTELN-#
Mrid, MEPIFES CCSHEMTRAZHO B TINHINTHBY, AMARENEL I—R>Za— b HE0ERD
72O ERHT L WA TORHMEBIZBN TS, BT 22 EnMFBFEINTNnS, ] ELTWET, LENWELT, H
HREWELEL T BILRFZOMAPITREICEEEST, h—FRZa— b IIIVAEEBICMIT I T ERMO M
DNTHIGEF - IEEFED S 2 ED MR EBHRIEAEB B> THOENEEBZTHBDET,

ZIOVOEREBOHR T, AHOMHRDT —<%& ERRFLRINF - AT LAOHRELITANT T~KE-T 2EZT ~]
EIFTWEEEE L, 2024 F 1 HITRIFEEBICXDKE - 7O BEZTBR/NRERREITE ST, 2050 £D H1—R
> Za— M IIVOERBNCIANT T, R EMELEDS, RiRFKFEREDIFEHERET D ZENRIRTHD I L5,

ARG LA 12 H, B 6 EEMEHRFES KRELFINF -2 AT LORFETANT T~/KE - 7> EZT ~] Tl Opening address at the
2024 JAPT Autumn Meeting entitled “Initiatives towards the societal implementation of a low-carbon energy system : Hydrogen and Ammonia” held in Tokyo,
Japan, on November 12, 2024.

 miflh A4 & JAPT President

Copyright © 2025, JAPT



38 M = o &

BIHEFNC BT D BREBROILK, PFEE - RAE - EETMICBI 2HRE LI NEENICELDEL, KE ToEZT,
BREAY > (WD emethane) BIUOEHRE (WD WD S efuel) 2@ U 7R EDRIRFILOI DM AZED S
ZEMRBELEINDE, PREDEEDELTAERINELZ, THIT2024F 10 A8 HIZIIINS DR DA ZEEET S
O BB RERBFEEE OB RBITO D ORRFKFZZDOMGE K OFIHOMREICHET 27EH] W5 [KkH
AR 2T 2720 DBRESNBRERE SN, 10 A 23 QICRERAITES N EIATHD XTI,

DX D ICERE AR 2 RN S B A RRF LD OEINTHENT T, Hzmifi oS EIc iy 72 3 2RO MHANHED
SENTNDEIATHD LT, AHIZT7T DOMMHEN SR, FRiDHTIE, WIS ES OFEH KRN S [KFEEZK
HEEDEFE I DN T ~KFREAHERET~] IZDNWTTHEWZZE, HWTJOGMEC ABETHN ST [KE-T2E
Z7 7027 MIHT B JOGMEC %48] OS5, KT U —2KEZER&ET 25 REHELEE X OFEREHITDONT
RN WEELS FETT, THOETIE, NEDOSIEERELD [KFASEBICHT /= NEDO ORDHEA] IZDOWTZ
BEHWZAEET, TO% REGEOEMARNAZROMEAELT, JERAGBEEFENSIE [YOTI v a Kk J0EA
AV 7= B0 #1 4 |, INPEX o7 EEFPEBRED 513 [FHREMET TO 7)) —rk#HE-7 ' 27 58S - FIH — B 5255 D B2
OWT TN WZLS FETY, Hil» TJOGMEC /MEZHERN ST HERMICOEHINDDH 5 [RKAKZDH)
M, B =T FRIIF—BRELUTOMREN EE] TOWTITHMWELEE, REBICZY —VREY B 7HE
ONARBERRELD [H—FR>Za— AT 7ZT BT OFEH] IZDNWTTHEEWEZELSFETT,

PLED XS ICARH OARBES TIIERT, I, Fif, CEroofMEEmEL, CCSEEbiT, KHKH TEDY
FIHDS 52 haRIEICINT 72, BRACK DI EIERME - HA0 S OELARNRIRO AR L, FA7zBNEET
BRFLDDOHMEEBRT 2B Em5 & EHIT, AHPERKICE > THEER —HIZBRIUIENWTIITVET,

BRUHEDEILRERD ETH, K4E 2 HIZTNEDO & JOGMEC EHEL, Al EORABKET - ay S
ERMET 2 A THEEZED THBD £, RAKBERENTITT 2 KIE O BH@h I Z & OE BRI S E NS D S Ol
MR HHES NI T 4 ANy 2 a 2B LT, RWKBIHRDENEREOEMEZFRD D EEHIT, EEHOEMEEZND Z
EMTENTEZEATBEOET, #H, EXRCHRELEZEETYHERDER—LAR=—VRETHD TBAISETSH I EITRD
FITDT, 522 TCIBMNZEELETIIOBEONHL LIFET,

BRBIZROELED, AHOBEESOHBICEL, #EEOARIFTEEDHIT, THHWEEWEZETOERIZLN 5K
HHEL LT, SEREEIETWAEEEET, AHBESTIALSBEVWHL EIFET, H0OMNESTITNELRE,

g e 90 %5 25 (2025)



AMEAR RS 5 908 H25

39

(HHMT7T4E3H) 39~4H

Journal of the Japanese Association for Petroleum Technology
Vol. 90, No. 2 (March, 2025) pp. 39~44

.

N=)

P!

Lecture

KF -7 2EZY SOV 2V MY S JOGMEC 3%
~ T = KRR & B B AR RS 3 O FEEA O~

(Received December 20, 2024 ; accepted March 11, 2025)

JOGMEC's financial support for hydrogen and ammonia projects

—Introduction of project evaluation for e-fuel projects that utilize green hydrogen feedstock

Takayuki Motohashi

Abstract :

Most of the “blue” and “green” hydrogen and fuel ammonia projects, as well as the production of

synthetic fuels (e-fuel) from hydrogen, have not yet been on a commercial scale, and the industry itself has not yet been
established. Therefore, the uncertainty of the business itself is higher than that of the oil and natural gas business, which

has a history dating back to the beginning of the 20th century.

Amid growing interest from Japanese companies in participating in overseas decarbonization projects, in July 2024
JOGMEC decided to provide equity finance for Idemitsu Kosan’s purchase of shares in HIF Global LLC, a U.S. company
promoting e-fuel projects that utilize green hydrogen feedstock in the U.S. and other countries.

Since the company has a limited business track record, JOGMEC focused on the four items in their project
evaluation, such as Management/Context/Opportunity/Risk & Control from the perspective of macro analysis with the
comprehensive risk-based approach, in addition to the screening criteria for hydrogen and fuel ammonia production and

storage that JOGMEC has announced.

Keywords : hydrogen, e-fuel, HIF Global LLC, macro analysis, Management/Context/Opportunity/Risk & Control
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Initiatives toward the introduction of zero-emission thermal power plants

Kenji Takahashi

Abstract :

To achieve zero-emission by 2050, JERA believes that the appropriate approach to achieve both

decarbonization and a stable supply of electricity is to expand the introduction of renewable energy and to convert fuel of
thermal power that can complement the output fluctuations to reduce CO, emission.

Therefore, JERA is actively working on the development of hydrogen and ammonia-related technologies for the
introduction of zero-emission thermal power plants, along with the expansion of renewable energy.

In 2024, JERA and IHI Corporation conducted the world’s first demonstration test of 20% fuel ammonia conversion at
a large-scale commercial coal-fired power plant at the Hekinan Thermal Power Plant with the support by the New Energy

and Industrial Technology Development Organization (NEDO).

The test results were good, and 20% conversion of ammonia was achieved at the rated output of 1000 MW as planned.
Compared to 100% coal combustion, volume of CO, and SOx was reduced by 20%, NOx was less than the same, and no

generation of N,O was confirmed.

In the future, JERA will continue to work toward commercial operation of ammonia-fired power plants and develop
technologies to expand conversion rate or 100% combustion of hydrogen and ammonia.

JERA will lead the establishment of a hydrogen and ammonia supply chain by utilizing the know-how that JERA
has gained from participating in entire value chains from fuel upstream to power generation toward the realization of a

hydrogen society.

Furthermore, by leveraging the large-scale demand of hydrogen and ammonia as a power generation fuel and
developing the infrastructure for hydrogen and ammonia, JERA and its partners will work to expand the supply chain,

including promoting its use in industries.

Keywords : JERA, zero-emission, hydrogen, ammonia, conversion, demonstration test, Hekinan, thermal power, NEDO,

IHI, carbon neutral
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Overview of the Kashiwazaki Clean Hydrogen and Ammonia Project in Niigata Prefecture

Hiroshi Kozano

Abstract :  Ammonia, despite being a hazardous substance, serves as a feedstock for fertilizers, chemicals,
and deNOx processes in thermal power plants, with established handling and storage methods. In the pursuit
of a decarbonized society, reducing carbon emissions across various industries, including power generation and
transportation, has gained momentum. Ammonia as a fuel, noted for its non-CO, emitting combustion, is a promising
option, particularly in reducing CO, emissions when co-fired with coal in thermal power plants.

Currently, ammonia is primarily produced from natural gas using a steam methene reforming (SMR) process
combined with the Haber-Bosch method, which emits CO,. Hence, developing and cost-reducing production technologies
for blue ammonia is imperative.

The ammonia production process from natural gas has been highly optimized by process licensors, yet integrating
CCS for decarbonization presents several challenges. INPEX has proposed a novel process combining cold energy
utilization, ATR process, low-pressure ammonia synthesis, and high-pressure CO, recovery, demonstrating higher
efficiency in blue ammonia production compared to conventional methods.

A small-scale yet comprehensive demonstration plan for this blue ammonia production process has been devised.
The test site selected is the Hirai area in Kashiwazaki City, Niigata Prefecture, owing to the proximity to our pipeline and
the availability of domestically sourced natural gas. Additionally, the site benefits from existing gas fields with long-term
production data and known reservoir characteristics suitable for CO, injection.

This demonstration involves producing hydrogen from natural gas, capturing and compressing the resultant CO,,
and injecting it into the Higashi-Kashiwazaki gas field. The blue hydrogen will then be used for ammonia production and
power generation, representing an integrated demonstration from blue hydrogen production to its application.

This trial is positioned as a critical initiative towards fulfilling our company’s long-term goals in hydrogen and CCUS

sectors.

Keywords : blue hydrogen, blue ammonia, low-pressure ammonia synthesis, EGR, CCUS,

Higashi-Kashiwazaki gas field
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Natural hydrogen —potential and challenges as a clean energy resource

Ayumi Kosugi

Abstract :  With the establishment of low-cost production technologies and global supply chains becoming
major issues in the widespread use of hydrogen, natural hydrogen (white hydrogen) is attracting increasing attention
as a future source of hydrogen. In addition to its low cost and low carbon intensity, it has the potential to become a new
primary energy source unrestricted by current energy geopolitics because of its different generation process from that
of oil and natural gas. Reflecting these expectations, the number of exploration projects has been increasing worldwide
in recent years, and start-up companies conducting exploration have been successful in raising funds. Public funds
have also begun to be invested, and mining laws and other laws for conducting natural hydrogen exploration are being
developed in several countries. The challenge is that the full extent of the natural hydrogen system, which consists of the
generation, migration, and accumulation process, is not yet known, making it difficult to estimate resources and reserves
and, therefore, to understand the economic viability of the project. Only the Bourakébougou project in Mali has reached
demonstration production, while the other cases are still in the “observation” and “well test” stages. The natural hydrogen
industry is in its infancy at present, but as exploratory drilling and seismic surveys of individual projects progress, the
hydrogen system will be revealed with greater resolution. As a result, it is expected that projects with more suitable
conditions for development will be discovered, which will lead to development and production.

Keywords : natural hydrogen, exploration, hydrogen system
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/kgH, & HHEE TN TEBO (Gaucher, 2023), Z @ nfEME
ITEIMICRZ D, RYICEABRDDNHZLDNEFHEND
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HEmTRNed, bLESIY—2hKkFEE, INET
BRI A5 B TR S I Bl &2 B L TR 2 &N T
ZH061E, FU—2KFEMATH—R >y hEDO
HERCTEMRTA IR F—-ELT, I51TE, KAEFRD
FLWEEELL THFETES,

AT, EHED2023E8HDOLR— [RBKFED
el UM, 2023) ICERGEOENEZEMATHA TS EE
B, GIMRARTAFEENZE > TE B L i L TR
SIKFEHERE] NHEEOI D RMEICH DO ZHFEL,
TOMERREMEZ AT 2ERITOVWTHREFL 20,

2. EZTEDEDICERTHDMN?

RBKFZHA P TIR<BRFEHNH D, L&A,
NV 3 - ¥FI)V% 2 2 ® Chimaera TIE [KiED K] &
EZN2HmOENB NS XY > (87 vol%) LKkFE (10
vol%) DIERABEAANRHL, PR ELbERTEIIOE
DR Z %l T b (Etiope, 2011 (K1), A< —>D
Samail 7 1 F 71 &~ (SRR OGS D&
) Tl WHEKFZEEZSO®RYIVAY BB D /NS
D, —E8TIMEEEKE A XA RN S FAET 2 FHHS
1% (Leong, 2023), Z=®DIFMiZH, A1 > (Ronda),
7154 (Tableland), =—a1—% L K=7 (Prony Bay), -
&1 7 (Voltry Massif) %+, HATREFERAE/ HR
RTHHEIETNTWS (Suda, 2014),

WS THEBEINTHBO, 2000 412 K P67 4
fHEWCTH R S N7 Lost City &4 DV 5 3 7= 1 B Bk sk
T, R (<90 °C) mom7 IV AU H9 ~11) T
KEBICIEEDRCRA Y ITEHEKE, ZhETx))
F-RETHERIRDERIN TS (Kelley, 2001).
HEDORKBKBANORELDOEED NS, IO 5
ELUTRERAIS N TWBEIC A, 792R, 75
W, FIEY, M7 T7UH, TIVWNZT I ETH I EH
BHIOWME DN T WD,

HARIZIZS I FRKRERETOLANHD 20, A4
EKDRIEDRE LA SNTWS Ot ATHD (K2,
Thabbt, OSCELRE (WhASAVESEDIEmTICE
ENDE;DNBT HBITKERET) &, QKD RGHES
it CROICEENDHREITEOELRIT LV IET 25U
WOk ENMR) THD, OO TOtAF, @O 7ot Ak
DHRIBAE—RBHENEZD, LOFEHZEDTVWS,
@ DK FE DA FE T EHEE TR E ST B VT, 1.9 X
10 ° Bef/km'yr GERIEIAEGREYZ0) THO, —7h,
ODUERCHLIE (300 °C, 35MPa, /K—mAb ALtk 1.6
~ 2.6) Tl 182 Bef/km’yr & WS EBafERA3% 5 (Jackson,
2024) , WEBCEAL R IC D W TIZIRE - [E &3 L UK
—MMABAaEE NS ERTREFICR DERN RIS /-
O, HHIZZHBIIAS TIEARWD, Bt —5 —K ik
T 10" EREOENDD D, O LD KEBER LR
FWZEERBL TS, HREEFHOFEMMNZKL TT
EDLAM  RRTAITH LT, RBKFEOZINS DAERT
Ot 213k lE EKRDILFE RIS TH D ENDENDD D,
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1 REBKFEDEIR
a) hJL 3 - Chimaera THIEOENHN S H LD %K
DkF (5EBI At Wikipedia)
b) A~ —> -« Samail &7 1 F T M DIKFEH A DEIR
(Leong, 2023)
©) RPGFEH JtFLE 1T Lost City D #EEEE/K LR DRk T
(Kelley, 2001), 50°CDEKDHEHFLOTER, PEIKRD
R EL TWD (Wb D 5 —EikZs)

F7e, A R ZDEARAERN D HLBHY L RFRETIC HEAE
LB ZERE LT, BLWKfENT TEREN 2D
KLU T, RCELRORTE S22 & s 5 S JEwIcE
B THERT 2 E NI BEND 5,

FOEFNOER IO A EL T, KEZKRBICEDH
B0 a7 R~ > Ml s I N kEN T L —
MERCHIEICH S TRFETER T 250, WHiEE®)
BREDEAODWRITHES D, KUNEFNIZELDH DR EMN



7N

H5,

KETDOKEZEDOEEIIZOSppm THD, TNLD D
BRETHOHNITREERIND LSRN, UD
Bourakébougou 4~ — > ® Samail 4+ 7 1+ 4 T 1 b Tld
FIFI 97.4 vol% (Prinzhofer, 2018), 93.8 vol% (Leong,
2023) &S FEHITEIBE OKEHANBERI N TN,
ZDORSBHMEDEWAKEAZZIBLL, Fiko bLa -
Chimaera %> Lost City TIZ X ¥ > DIFH L GENTW
%, MAT, NUTLMEEGL TWAEHEHH D, NUT
LI EREEOFHKA AEE L CLEMICRHINDS
MW, wmLTHO, BILTIE 450 RIV/Mscf & fHikg A3 »
e, RBKBHAERABTHNVTLHZAOREE, 70
DIl FORFEMEICHRES BT B,

3. FIREME : MEEIHSINLZOMN?

Gk L IEEAI A EOBEFA®RS, * v bz
U7 SERIAR E, SRIBKAHISE SN2 KRBFEICNT
T, REBAABEDILGREIOSECHIrZFMHL =
IKDBRITRICE D LEEENMTDNTHBD, H—K>
PR B 2R S E 2 20 O e bk FEIL - Br8 (carbon
dioxide capture and storage:CCS) <, B E DE AT £,
EFEINDKEDOT Y —AbLD=DHIZT X MM > TN
b, —F, RIRTFET DKEDN, SEEERDO IR DK
WilBET AW E L T & EoZBNEEL TWIUL, T¥%
RGEITHRD TRV F—HEPL CCSO IR MIAETH
0, GMRERH 2B BV 2 W OIS - A2
AT22&T, JU—=2 - TI—KELDS, (KIZXART
FZIC 7 U — D IRKENER TE DN D 5, Fiz,
FIMRIRN A LRI L EN AN TE 2120, &
BEI R ZRHL CTHiERICAEEEIND Z ) — 2 KEDOH
SERMEDITELTHAESH S,

AR D EB O, KR AT ZA L ER T O AnRRD,
BRI ST oA A ME, DEOHINELRSL I EnG,
RKFIBED T3V F—HBCEIC & S DNIRWHTZ 7%
—RIFINF—EhrulEhtbd s, ENORT> T vIL
OWTIEAENBETH 27, EHE-RZxIILF—EL
THIAMARE L e lE, BFICZLWAARIZES T, #Hifz

x1

2
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IERNTEDEEEIRE N,
BINDENF]

INFETHRRTELLDBMEHENS, BHITBTSHD
Mgk, REZEEYIDIC, BUFbEZARRDSIERLL
Tnwas,

4.1 7O 1o hEIM

ZLICHRIEA T — Y DEATVND EREHRO—EER
To A — 7w T (—FIE ASX, NYSE % T L)
& RRITRIEDHED 5N TW DA, B AT, ¥R
IO B AA, EEEERE (final investment decision :
FID) IZE > TWaEMZRN,

SR EH E L T, HF ¥ - Hydroma @
Bourakébougou £ (1) 2H 0, FEIEL NIV TIEH 2
AN TONTND, AELKEEEEREEL TRE
L, mEoMICERZ2RMT 1oy v oYLy b2
2012 FFn S BIA L, BIEICE S £ T 12 F£RMENRERE T
RFEZT T WD, 1987 4E D7k HF | DRI BRI K
FHANFERINZDDOTH D, SO RAKERILOW
NOESNTEDL O EVZDENTH S,

ZOEMTHME EEF A OEMEE LTI, 2019 1T
KETH O TOMIEZE N U 7= K E - Natural Hydrogen
Energy @ Geneva & (7 5 X M), 2023 £ 4 —
ARTUTY CHORAMEFEML 24— ~F U7 - Gold
Hydrogen @ Ramsay £ (Fi4—A K Z U TIN) 23d %,
HEDOERMETIE 2024 FITHiIHT X M EEBL 213D,
TRTCHIEREZERKL TBD, IS DREREEZSHBOR
HEHE AL TWL PETH 5,

EPERTEID AT 22—V ERnRK L TWHEEEL T,
Z XA > -+ Helios Aragon Exploracion ® Monzén & (7
FAZM) MH0, 2029 FOAERE, 7T h—HIFT
13577 5000 ~ 7 Ji t/yr OA&EBEZ T TS (Helios
Aragon, 2023), 1963 412 KSR AT A BRA CHRHI S 7z
HEMMSKRBENV T LDOREGHAZHRHL THO, 2024
FERE TR T ORI I & 0 R R 2 R, 0
%, H:AZEEt (front end engineering design : FEED), FID
ETETDHIELEBS> TN,

4.

FRRBKFEHL IO 7 b

Block25 (Bourakébougou) Nemaha, Geneva

Ramsay

Regalor

Monzin #ETOVIH b

A=A K77 - Hyterra

5135 + Hydroma (ASX : HYT), [ + Natural

F—=2A K717 + Gold Hydrogen
Limited (ASX : GHY)

752 » LaFrancaise de I Energie
(FDE) ftt

ANRA >+ Helios Aragon
Exploracion S.L.

Hydrogen Energy LLC
3 KE M AR Y 75
) j=intll BN 2T T M GEL 753N ol —XgH
98% H, 1% CH, 1% N, 92% H,, 3% He (Nemaha) 95.8% H,, 175% He H, He 15% H, CH,
o T RETE 020
MRRKIEEE 0~ | o (Gener, 2019 - ) CMGEOLEEE |- CBMOWETOYL Moy

C INETNORE (hE

1 29) © 6AHMTE (Nemaha)

© BT AN, 2D MEREE (2024)

« 75 b — R TI24E 55,000
~ 70,000 > DA

Ll CREBIH (2023)
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Tz, BHIRESHEXELT, A=A KT 7 TOKIL
LB ¥ 2 Hmp 32 &~ 9% Fortescue Metals Group @ )L —
7 ¥ 2% C & % Fortescue Future Industries Technologies
M, KEH B AMERT T A I TRAKE OGN %K
L T HyTerra ~NHE (BRX 39.8% 7 2190 /i 4 — X
MUY RIVTHA) 52 EA2024 FE8 HIZRnEIN
7= (HyTerra, 2024), A& 12 L O HyTerra 1351 Dk
F v > RX=2F2ARNS 6 RITILRL THETHEL T
W5, Shell BPREDAAINAT ¥y —IdRFHELIY —
U7 LERATHREN—=ZDFEREICE EE> Tz s
5, A, HREAD v —DFEITK D REKKREILE
T 2H D TOHETH D, RAKEMEENH =I5
AT D D, 2024 4E 10 AT, KR AR &4
EEEE TSN RBKFZORIEZEL THhD K
EA%— b7 v 7% Koloma ~DHEZFEL, AFM
EIZEDHHBIEE> TS (KR A, 2024 1 ZFEET
3, 2024),

4.2 BAFOAMEEICL B5E - HR— MR

USGS, 1+ ¥ ELE 75T (Institut National de la
Recherche Scientifique : INRS), 7 5 > X & & i &
BRGM © 1>V — 7 L%, SEORARKFZEDORT >
ANV ESTEEEL TWE A=A RS YT A —
> AT RINTIE 2024 ~ 2025 4 FH & L CRIND KKK
FORT > v IVIRAEMFIZ 400 HA—A STV T KL%
FtELTHY, =X FU7 - Za—HPUXTz—)L X
JN Tl Geoscience Australia 2857 A7 kv T2 F 14— &
TEY T T ERETIETVWD,

NEBELOH A E L TIE, 2023 412 KET RV F —
BETOILRIF—EEIEEE )5 (Advanced Research
Projects Agency Energy : ARPA-E) 7233 #) Ml 707 =5
LELT, 18702 = Mzxt L TEF2400 /7 RILV DB
SRR, K, MRS ENRITREL TS (%
PEL — b OIEHERAN, AEREEAN - IrRET R A, &
PLHANSE) (ARPA-E, 2025)

FrELE T A M RAR T R EREBRIRNTAFL OB Z 215
b, 714 UETIE, 2024 2 BTz RE, 8 HARD
AFLTIIIVY > B 2 M2 DWW TR S EOHIFE B
D, NHTHERFEEZE T L TWD, FAKLTEERE
MHEEZLIIIERNETH DD, KEFEFORZNE S R
8, BRERETETCH D, 20 ET T, AFLOEM
WAV 72 R MR D E A DN N D D AES N TN D,

KIRKE DERIL - BAFE DREICA T RIZFFEE IR
LFEEHEOEETHEATNS, 7722 (20224),
F—ZAMZUTIN (2021 4F), FEA—AFUTIN (2023
), R—F > K (20234) TlI, HLFEFEFORLEITX
D, FEEROBEHESME & U TRLRKFZEDIE DT % Hik
fbx 8, KBKFZEZRNGET DRIMDIFI N IREE 5D
7o A=A NI UTMTIE, RLKFZRFERFOOA VIV
TA—bIT TITEDHNTND,

g e 90 %5 25 (2025)

5. R KBV RTLDERR

TMTr ) —2KFERE LU THEHENEED, L
ERIEL TWaAH, BEEL>TVWSOIE, KEVZATA
DEEDMMHTH 5.

AIMRBA A DREICBNWT, - HAHDREALSM: %,
ALK FEDAER, PR, BE), £EIV-LZ 7O APR
e, Iria, WEaEEOERIIHML THRET L en
Hb, AMRBHAS AT LADTFOP—ELTKES A
Fh (K2 PRI TWD, LhLans, &R
EPBEO AN XL, BETIZEDOREDEEND DD
M, U= LT WkFEZ2EDLDIBALGCEENNT Y
TT500, IHHEEOEHPEEE WS, Fll s h o
T,

ZOXD MR EORAKEZE AT LT, RIBICES
(BRG] 2RAEREHIN, BRbIhTn &
27250, BUEETOE IS, JLHIHFIC K SZHR O M
DIEHNCHE D ZKFEOIFEENHEIN TS DIITY D
Bourakébougou DA TH 5, £z, U OEIITEE
Ol fEfE R 513, BB ILEORIEIES, 1A R
Lo4 b (KA EHEEI N TWSD (Maiga, 2023),
ZDEDBEBTAMRRIT AL AT LITBWTIIHE
INBVHDTHO, KEZZATLORFERMED NS
Wb, F—AK~F 17 - Ramsay OHiH bk, 5%
FEIN TS ZAXA > - Monzon D FEAMFHREI, KE -
Nemaha DRI F v > R—2FICKD, fHLDRHED
AAWEE, g, WHEEY, W ESIEE A5
SMITEND T ET, RBKFEL AT LOIRGIEN L0,
FIUHENREEILR T > 2 v UK DIE-o D ER AT
51259,

BRI, BEEYUHEO A ZWE T — & 0 H T 5K E DR
HLUZZBRICERESN2HEOHE (727 ) —5—2)))
EEELFNNMOICLT, by T¥T 7 TO—FHICHE
PMEATNWDEZT—ITH 5, EEFHZ, KFE
AT LORENHED T & T, MU iRE Gk E R B
WHTE2LD1TD, AMRRHAFEXENZESZED
KO WF - T T NMCEDWERILIEEINR AT v
THY Tao—F THED EMFLZW UE— 22> 27,
HWEREENS OFLEHOKVIASL, YFERE (EHHERE,
WIRE, WEBERES) TX0, WERINERZ FMIC
HRTDZRNLTY v 7 TO0—FHHETRNERD AT —
TThB,

PROL &AL T, AR s B oD 3 Wi s (b S & il A
LT, ATHICEDRIEZ e S8 CRFEZ AR, [HIX
THHABADEATND (FL 2 IPKFEEIEND), &
K[ &K B B G DT 2 B D Eden GeoPower 13,
X — > L3 J)F — @ ¥WE Ministry of Energy and
Minerals : MEM) &R EZHMi#EL, FRETKEOANL
WD EFTREB EHED T D (Business Wire, 2023),
F—>® Samail 7 1+ F T4 MTBW TR OB
MEFAL, a6&EKORRERAEL TALHIZKE
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<> $ 8 S Jru-y-mn-s-7
MEMCLDHES
- 55 kofte
<E&EFHE> 2 /
g KK
<#%Eh> K
RIHAFBLTY
R
H,O0 H HO H HrRiRERD
<HER> 7 : N poy
> S

Fe2+ Fe3+ U, Th

FROBALICHESKDIETT "
SRS IKOIRGIET R

2 RIKFT AT I

ZAERK, BT 5B TH 5, AFITRS T, mifkL 7z
ARPA-E DB 2R &L THRINEN TWHEMFD L
SIMANTHHEZRD BN Z BN E L TS, Rt
(R, FEH, A, KE BLEMES 2SRRI NT
WHIFFEBBESIC D D, SeitE CRUE e A 2 i3 2 5l
HRESH D, ZOEMBITEIAHEEEND LM, DX
DIRHESRADPRZIMES D255,

6. BIFRBVIRITAIREM - X MEREL?

PRELSII L, KEOEEE A, REWR 70—
BENT D BINRNEE SN D 2 ENKRRKERFICHENT
72— DM TH B0, TDOXRIZIIEENZF Tl HetZ
EAT 5250722532 NEREZRHNT 20END D,
FERIOIXNERSCEZECICY > TOMEZ DL N ICREHE
I 5,

@© e - MR

KEHADERE, GKEICEST, KK EES
O ZOOAANNBRED, £z, AY NI TL
DRARICED, BEEHELLTTOD 2 O
FYEm EICEBT 25 E b HIUE, o - EBEDZ
WIANERDGE ONATEGKEDREENE
ZEFTUESTEEN) bbb,

@ &JFE - ATERE R E
B BRI rTBE/R R B2V K & 0 uE, R —)b
AUy NOBDKHBBRAENTRERD, 5
%A NHIEARTREE 785,

@ WEETEE - B - fE
ENFTIUITUEA O 2 S B s, £, I
BEOMEICK0EE - K - EAHES2EHT 5
WEINDH B,

@ JiHENCHET IEEE S
AR OHREICH b S0, WFEEENNHrIcedn
1 HEICE D AT 2 3% 3R E & 72 5,

E-9iiES 59

® &FEL—b
EERIAROAEL — RO E S IUL, B
OFREEIIT DI, IEFEOEW IO 27~
ERD D5,

© BUFZEOH
) — 2 IRFBITHT B BIEFERR - ) <0 il B 03 &5 1]
TEEINTNDD, RBKFNZOXHHRE2IUL
TryAF A LERERD, X, KEOA >
JULlEOE 7> 3 > 45V TR Y — 2 k#EE
PEWCEE D D BIFEIER 2 ED TV DA, KO
FHEIIEDRRWED, RBKBRES LM 2Rz
5 ERD D %, {KIZ, Brandt (2023) TiE &
N XD ITHIFITHR S R FBEKED 0.37 kg-CO,e/
kg-H, THHZE, B{E TdH 5 045 kg-CO.e/kgH, &
THE>TWS729, HIELORKETHS3 R/
kg-H, OB &EIERZ 2T D &ENTE, Juyoy
NOHHFNDNEED I EITRD,

@ HHTOIAR bk
pEMD SR EME TOWERE, BEENA o1 >0
FEREE, WEBRICKMIND, ENHER, FEH
IR BREME, U—7MERE, KEMBEITE
HOEMWHE 3 A NERSH D, MBI~k
B Tl b, MCHEIZfES> T, LNG & D Wik
LIREDRNWT R F—EENIZ NERELTH
Foinbd,

THRICBIT 2 HE
KIRKEZITE ST, ATOKEDHED TKE—BEN
TIABHEELT, FENDLBLIA T T72FDY
TI5AF 2 — 2N TOWARWEIRNH D, ZOH
BT E ST, W THEBINKRRIC K2R BEIR S
NTHD, HRICBVWTHKELSHEZDD &,
it 221275 H U7 2B MWD EA S &
LTWwWb, FEOZEHIEICLD, KREKZEDOMH
i FIHSMEE SN, BENRY TSI F -0
WEIND Z XL, SHBOKELEZ2EIT 5I2F
RAERIEBMOMATH D EFEHT, RKEKFEDTTHE
MZEBIET2HDTHH D, MHRTLR & TN
KEWD [Mlitg) 1Tko TORBNZMERIE, BE
SIDOBIRTH 2, KIAZXA NDORBKEE NS H/-
REZRINMEBANCE T 5L, BEFRICK DHIH
EIHFLS 8, TR EENTHEE 1270 S5 5,

7. bV I

THEMICHEIND TI—, TV — KRR TERD
A B THBRLKFED, RITHEBTHNTH Y 2 HEREFTRE & 7
UL, BB 7oK F ko ORI (AT CH B 7 3L
F LD I EFMEVRWY, £z, BREOZLUWOAEIC
Eo T, EHEQ-RIFIINF—ITRBKENMDNL, T
TINF—RZEREOB RN S DRRARENDT, EEE
PVEHE U BRIRAYICHL D MO BN D B, 6 ETHIT2K D
I, AY 2 L3R LKERA OIEEIT & 2R R E N
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HODDODOH, RIKFEEOIA MNER - fEDL IR
RAZABFEECANTIKENMLASDBOEIHEL THO,
BEFEAN Ok B BT OBGRIC K VRN EIEE 25D T
b5,

IR ESD, WEEERFANZLWEIRTH S, ik
AFEIZE S TNBHDIE~ Y - Bourakébougou D H TH
D, opNd TR = [FiHT X N OBRicEEE>
TW3, E£7-, Bourakébougou Zff D 4 pE &1 1500 m*/d
(Maiga,2023) (950 t/yr) &HFEDIT/HhS W, RITAXR
A >+ Monzén ZF LY A X070y s b (575 5000
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Role of Ammonia toward Carbon Neutrality

Shigeru Muraki

Abstract :  Ammonia is expected to become one of the key carbon free fuels by its direct combustion technologies
for decarbonization in the energy market. Japan launched Hydrogen Society Promotion Act in 2024 to support Hydrogen
and Ammonia Supply Chain and Infrastructure developments through extensive support programs.

Ammonia direct combustion technologies are progressing well. Ammonia combustion in coal boilers is ready for
commercial use after the success of large-scale demonstration in JERA's IGW coal power plant in 2024, and commercial
use is planned to start from 2027. 2 MW - 400 MW ammonia Gas Turbines are underdeveloped through 2020s, and
various sizes of ammonia GTs will be commercialized in 2030s. Ammonia for maritime fuel is expected to become a global
market, and developments of marine diesel engines are underway. Small ammonia engines have been installed in Tag
Boat since August in 2024, and safety measures to use hazardous ammonia in engine room are under development. Large
engines will be developed by 2026. Ammonia combustion burners for industrial furnaces are expected to be developed by
2025.

Various clean ammonia supply projects in which Japanese companies are involved are planned in US, Middle East,
India and Australia.

Hub and Spoke system are planned to develop import terminals and utilization facilities in Japan by utilizing coastal
tankers, tank lorries and railroad cars which can cover wider areas and range of demand efficiently. Currently, 8 hub
terminals in 6 areas are proposed.

The expected demand in 2030 is 3MMtons mainly driven by combustion in coal power plants, and demand in small to
medium size gas turbines, maritime fuel and industrial furnaces will be gradually created through 2030.

Clea fuel ammonia will be positioned to play a vital role in the decarbonization of various energy sectors with its
versatility, efficiency and developed infrastructure technologies.

Keywords : Ammonia, carbon-free fuels, decarbonization, Hydrogen Society Promotion Act in 2024,
Hydrogen and Ammonia Supply Chain and Infrastructure, direct combustion technologies,

clean ammonia supply projects, import terminals, Ammonia gas turbines
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Application of time-lapse seismic technology using a single permanent source ACROSS

Hidehiko Shimizu, Naoyuki Shimoda, Hiroaki Tanaka, Yusaku Konishi, Don White and Erik Nickel

Abstract :  Seismic monitoring is an effective reservoir management technique for CO, capture and storage
(CCS) and enhanced oil recovery (EOR) projects. However, seismic monitoring in onshore fields often faces challenges
associated with inadequate repeatability. The possible factors are positioning errors for sources/receivers and changes in
near-surface conditions between monitor surveys. Permanent seismic monitoring (PRM) using both stationary sources
and receivers can overcome this problem.

JOGMEC has continued to research seismic monitoring using a permanent seismic source (accurately controlled
routinely operated signal system: ACROSS) which consists of a rotary eccentric mass and a motor anchored on a concrete
foundation. Since 2014, JOGMEC has conducted a demonstration test at the Aquistore CCS site. Four seismic surveys
using a single ACROSS and a sparse permanent geophone array were performed from 2016 to 2020.

‘This paper reports the application of analytical techniques of seismic reflection surveys on reservoir monitoring using
a single ACROSS source at the Aquistore CCS site. Before analyzing the real data, we performed a seismic modeling
study to validate that our approach can ideally capture time-lapse signal responses. Then, we applied seismic data
processing and time-lapse analysis to the four monitor datasets. As a result, seismic responses associated with injected
CO, were successfully detected around the injection well at the reservoir depth. Compared to the conventional 3D seismic
monitoring result acquired using dynamite sources, a similar growth pattern of the seismic responses was observed.

In conclusion, a PRM system using the ACROSS can be an effective approach to realize long-term continuous
reservoir monitoring at low cost. It is possible to capture the outline of reservoir changes with just only a single source,
but the use of multiple sources is desirable to improve reproducibility. It is also important to pursue establishing
techniques that maximize the performance of the ACROSS.

BTN RET RTA R RO )L Ty T

Keywords : permanent seismic source, rotary seismic source, seismic reservoir monitoring, time-lapse analysis, CCS,

EOR, Aquistore CCS site
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Fig. 1 Schematic mechanism and photos of ACROSS
(a) shows the schematic mechanism to generate vertical/horizontal force by summing/subtracting the seismic data of ACROSS
clockwise and anti-clockwise rotation. (b) is the photo of an eccentric mass under the manufacturing stage. (c) is the photo of an
installation site in another field. The eccentric mass is laid on the basement under the coupler.
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Fig. 2 Consecutive FM modulation sweeps and the frequency data by discrete Fourier transform

(a) is time series data consisting of two consecutive 400-second FM modulation sweeps. (b) is the instantaneous frequency corresponding
to (a). (c) is the frequency spectrum at 8 Hz where this data is arranged at 1/800 Hz intervals, with signal components (blue circles)
appearing at frequencies spaced 1/400 Hz apart, and noise components (orange crosses) appearing at all other frequencies. (d) is the
frequency spectrum in the full range of the signal. As an overall trend, higher frequencies have higher frequency amplitudes.
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Fig. 3 Acquisition geometry at the Aquistore CCS site

The location of the ACROSS source, the injection well, the
observation well, and the geophones are indicated by a
red star, a pink circle, a light blue circle, and blue crosses,
respectively. The CMPs (black dots), calculated at the
ACROSS source and the receiver points, cover the injection
well and its surroundings.
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Fig. 4 Velocity model and synthetic seismic data used in the simulation study

500

-500

<10'1°

-0.5

(a) shows the well logging data (red) from the injection well obtained before the CO, injection and the velocity model (blue). (b) shows
the baseline P-wave velocity model on a vertical section through the injection well. (c) shows the disk-shaped velocity change with a
radius of 200 m applied to the baseline model corresponding to (b). (d) shows the synthetic seismic data calculated from the baseline
model. (e) shows the difference of seismic data between the baseline and the monitoring survey with a 200 m radius disk-shaped
velocity change. The reflection event that appeared at approximately 1.8 seconds is due to the velocity change at a depth of 3250 m. The
heterogeneous amplitude pattern of this event is caused by the offset sorting, which mixes the traces that are not affected by the velocity

change.
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Fig. 5 Time-lapse analysis results for the two cases in the synthetic study

(a) shows the result with the baseline and the monitoring survey with 200 m radius disk-shaped velocity change, and (b) shows the
result with the monitoring surveys with 100 m and 200 m radius disk-shaped velocity changes. The upper part of each panel shows the
difference in the P-wave velocity model, and the lower part shows the NRMS amplitude. The left side shows an east-west vertical section
through the injection well, and the right side shows a depth slice section that crosses the center of the velocity change indicated by the
black line on the vertical section. On the depth slice section, the ACROSS source is indicated by a red inverted triangle, and the injection

well is indicated by a pink circle.
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Fig. 6 Example of field records obtained during the
third monitoring survey

This shows time series data recorded during the ACROSS

clockwise rotation, obtained by a geophone located at an offset

distance of about 25 m from ACROSS. The vertical axis shows

the observation time from the start of each sweep, and the

horizontal axis shows the start time of each sweep.
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Fig. 7 Comparison of field seismic records from each survey

(a) shows the seismic record of the baseline survey (BL), (b) to (d) show the ones of the first to third monitoring surveys (M1 to M3),
where the seismic data is sorted by offset distance. (e) shows the average frequency spectrum calculated from all traces of the seismic
records of each survey. (f) to (h) show the difference between the baseline survey and each monitoring survey.
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Fig. 9 Comparison of seismic records before and after
preprocessing

(a) and (b) show the field seismic records of the baseline
and the third monitoring survey, respectively. (¢) shows the
difference between these data. (d) to (f) show the seismic
records after preprocessing corresponding to (a) to (c). By
applying a series of preprocessing, surface waves, strong
amplitude noise (red arrows), and traces with large differences
between the surveys (green arrows) were removed.
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Fig. 10 Repeatability evaluation for the field records
(a) to (c) show the histogram of NRMS values calculated

from all traces in the baseline survey (BL) and each

monitoring survey (M1 to M3). (d) to (e) show the spatial

distribution of the NRMS values of each trace projected

onto the CMP position. The location of the ACROSS

source, the injection well, and the observation well are

indicated by a red triangle, a pink square, and a black star,

respectively.
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Fig. 11 Repeatability evaluation for the records after
preprocessing

The layout is the same as in Fig. 10.
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Fig. 12 Mean NRMS values in each processing step for
baseline and each monitoring dataset
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Fig. 13 Comparison of imaging results between the baseline and the third monitoring survey

(a) and (b) show the imaging results of the survey and third monitoring survey, respectively. (c) and (d) show the difference and NRMS
amplitude calculated with those data. The upper part of each panel shows the east-west vertical section through the injection well, and the
lower part shows the time slice section at the two-way travel time of 1864 ms. In each upper section, the injection well is shown with a pink
line, the upper and lower limits of the target reservoir are shown with black dashed lines, and the travel time of the time slice section is shown
with a red dashed line. In each lower section, the location of the ACROSS source, the injection well, and the observation well are indicated by
ared star, a pink square, and a black circle, respectively. Additionally, a circle with a radius of 500 m from the injection well is shown with a red
line and the projected line of the east-west vertical section in the upper part is also shown with a green line.
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Fig. 14 Comparison of the time-lapse analysis result of this study with the existing analysis result (Movahedzadeh et al., 2021)
(a) shows the NRMS values between the baseline survey (BL) and each monitoring survey (M1 to M3) as the final result of this study. (b)
shows the result of the existing analysis (Movahedzadeh et al., 2021). The result of the first monitoring survey in this survey revealed high
NRMS values in the southeast of the injection well. These high values appear to correspond to the location (red arrow) where the RMS value
disappeared in the existing result. In the result of the third monitoring survey in this study, high NRMS value extending to the northwest and

southeast of the injection well has a similar trend to the previous results (yellow arrow). On the other hand, in the northeast of the injection
well, the lateral growth pattern of the previous results is not consistent with this study (green arrow).
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Overview for the current status of renewable energy projects in China based
on the BP/EI Statistical Review of World Energy

Atsushi Nabetani

Abstract :

BP/EI statistics provide data in Excel, and various charts can be created according to the purpose

based on the data. So, it can be said that it is an effective tool for reviewing the trends of renewable energy businesses
around the world. This time, the author focused on China and gave an overview. As a result, it became clear that we need
to pay close attention to whether China’s true intention is to pursue decarbonization and renewable energy, or to sell
Chinese-made renewable energy facilities in the global market. Although China has declared net-zero greenhouse gas
emissions by 2060 and is strongly promoting renewable energy, it should be noted that carbon dioxide emissions have not
decreased in China, where coal is still the main source of power generation.

Keywords : primary energy consumption, coal consumption, carbon dioxide emission, electricity generation by fuel,

renewable energy
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Physics of porous rocks

Osamu Nishizawa

Abstract :

Immiscible two fluids that consist of wetting and nonwetting fluids against minerals are valuable for

understanding the subsurface porous reservoirs. The presentation was related to the following topics:
1. The relationship between the P- and S-wave velocity ratio and transport properties of the reservoir sandstones.
2. 'The behavior and physical mechanisms of the immiscible two-fluid flow in the porous sandstones.
3. The basic framework of Biot’s poroelasticity theory and the essence of the second P-wave.

Keywords : physics of porous rocks, Vp/Vs, transport properties, immiscible two-fluid flow, fingering pattern,

Biot theory, second P wave
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2.1 AROYFERTHEMENEE EBED Vp/Vs
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& WK DRI &, nw-TRIKICHT 2 F v ES U —
BEMIENLMENEEREEERHD, K4 OHKITRT
KO w-IRIKICRER S N7 A G DFLERIC nw-FRIKANE A
THEE, FHCEI>TEBORIITERD, HERK
EFYETY —ETHRDODSNDEIH T SR DK
NG — MBS 715 (Lenormand et al., 1988), nw-ifi
RS w-IR R DRI & —E ORI E TEH L < BT 5
|3 stable displacement & 3415, LA Tl viscous
fingering, capillary fingering &IWFIEN 2 HEIE 2 HRT 5 (X
4R, fEEL SR DOIRITIR 4 ICER T 2D T, &R
BN — > OB VI HE R B ST FEIE L R,

FrETU—% (Ca) EIEnw-FHAKDIRIEN T w-ii ik
EANED D & ZOMMEIIT (N0 luy & Ny VS nW-IRAKD
K, v, 13 nw-iRIAADEEEE ) EF v ES U —EITHE
595wk E nw-RAEDOFRHTORMIES (V) &
DHERTH D,

Ca=n_v (3-1)

nw - nw

/ Tw—nw

KVEEUSIRAR OB B 518 L EFTS 2 710 T DR DH

Ca =V _ 2 T T T T 7
nw/Tnw / Yw-nw i stable dis.placlementI
Vnw : velocity 7nw : viscosity Y'w-nw: surface tension i :
. ) . . 0 r i i 8
A capillary fingering -«——  stable displacement i :
agCn:- lD.7 1ogC:-7 _ lngC:-S. gC,,:-&l ‘ log Cy=-6.7 log Cy=-35.7 = : :
T L i O .o | viscous fingering L :
& i log(mco, /Mbrine)
4 SEGEANY | .
o ) S =47 Y A
B capillary fingering <—  viscous fingering & N
| _logCp=-59 ¢ ) log Cy=-39  logCp=-19  logCy=-09 e 6 i é - .
LS E 3 - //
A F & A “':g A > , 7
p3 - f £ 2 -8 r s ’I/ |
3, o = p P %
o | - z
viscouis fingering —-«—— stable displacement & . %
logm=-4 logm=-2 logm=2 ;-10 B // /A o 4 7
THITE 8 c;apﬂlary fingering
g gi E ‘: ; 2 L N 17 B
¥ rin N -6 -4 -2 0 2 4
S log (viscosity ratio) log m=1og(nnw/1w)

X 4

AR ZHFRAR OS5 — > (/) & drainage diagram (£5)

CO, %0 oil 72 & nw- AN KICRIFI S N/ A GITIE AT S (drainage) DFRITIE nw- iR &K & DRPEREOIEEF Py ES Y —
B NI EERICRT) EOBRTRZRDRENY — > 2K T 5. FrETU—KDOH T > —ROMMEIRG IS L,
SRHIRAREORBENTH D, BEENILBRFY NT—IRBEOF v EFTY —RICK P12 LT 2, mMENRKENE
AR DRI BT R PEHEHTIC S2 B X 4 viscous fingering EIFIZN 2 HK/NY — > 2T L, WEAVNS W EFHKIEFYES Y —
JEIC K BBEMZE E72 D, capillary fingering &IIEN 2ii&/NY — > & BT % (Lenormand ef al., 1988 & 1),
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AR SRR E DR TR I NS, WKEE CEEILE
LEEENF Ul 5 EREAVNS W EHELRENKE W
O THMERPUTITERTRUZBENE £, FRMIGE
B R EC VS 15 2 S R (d) TRRU 28I Bl g %, o
S, FrETY—EREARKENEZER@ THRL M
Ty /@) BT 2D, X GD 3D TFHRHCEETNDR
BOERPHB LR THD, LnL, TNTNORK
FIHEREBEL TR TEFRITERDPEEND ZDIEDN
JEWRIEIE EREES AN S W, nw-IRIAD w-TFRAK 2 3
T LB E D 5 O fingering /N — > HIE D JE Wi B 3
I ND, TORE, KiZBMENLZLAEEAIT CO,
IRALKZBEWR LIRS BENT 5 BRITIIE DLW
R E LT, &R Tl viscous fingering, {KifiHE Tl
capillary fingering D& /Ny — > METNTNIER SN D,
K EHERS CO, DEMRFERITIF v EF ) —FN -8k
O viscous fingering fHI TR X N2 H DAL, HIERERES
PEETIT IR (RITE) TlIE#H X #f CT & 2
WERESE CO, DRI - KRFFR BB 217> 7= (Kogure
et al., 2017 ; 2018), F7z, EEES CO, 7T VM TR &
BT 5D TldR<, CO, E/KRN—TEDREGLTELANE
BE LN s A aNORNENEFIREIELZ S E0M
LNz, ZOMOEBRTIIFrET Y —KD/hS
) capillary fingering fEI CI3HEBICEH K Z2HEHT 5720
FL RSN TWRW, EROFERIITEITET ENDM
HIFE RIS I AT IR N TEBEDTON TV, O A4

TIXEBEDEWEISERITEE S CO, N5, &
W& ICER T 2 HRORN TIXEFFFD CO, &/KDfFI
B3R ETRIZD, 517, AAefROfaiiENE wIRE
ICEL ThKE CO, DEHIIMGE L, fNE D FIIE
AEAGNTHEHEMNICEE TWS Z ENERINE (K
5, ZOEZIIRNEM _FRADOBE Z Y )L > — it TR
L 7= Brooks — Corey @z, (Brooks and Corey, 1966) Tl
KB TE 72\, Brooks — Corey ®E 5 )L TlE AR 4
KK E CO, EMMER DR EHRL, Tl E2T I —
BNZHE D w-if iR & nw-IRIED B BT 2, MG I TR
MNTIEBEHRZ DR EG QR E NS0, &
ROEICEITT 2 5T 2 DOWKILERRZ LN 5B E)
I %,

RITE O 55 R TIZALBN T OB AR T5 17 DK~
¥ 10 mm O TR ETHB D, ZHiZLk-> THREGIH O
BRI L£10% LA EEB L TWD Z LMD S5z, X
51, WABEIO Ll & i o 2= E ORI 722883
BN, K& CO,DELN LITGED K IFELTHIFEHAK
=125, BMEEUCLEHEERINEA 272D TH 5,

WA, 0RO EEDECTIZRD nw-iiifk &K &
DEWFLEEY 1 X0 fREETHENS Nz, THITXD
&, BEROIBIZEZN> THEIET S CO, 7 T A5 —[M
DibE (coalescence) <, FEAHBITKANADIAALT—HD
CO, 2Ly AL —ELTHUAD D A= XL (snap-
off) DEFEMNSNITEI NIz (Armstrong et al., 2016) ., %

~AS co, 5 min. interval 1901 coBrine = 119 1901 cozmrine = 5/5
7o) M U S TR ) Displacement
% 3 O £ 100 S
ot A AP
Cretagt : (kPa
BN 50 r
(RERO). &
time hour time hour
. : i i Tl : . .
01445 16 17 18 19 & 19 20 21 22 23
0 150 150
CO2/Brine = 7/3 CO2/Brine = 10/0
100 . 100+ 100% drainage
Displacement
02 AP AP B
“ (kPa) e (kPa) athway
50 P : 50 | time hour
time hour
- & ST ,
042723 42 45 46 47 O11 12 13 14 15 16

5 /&1 CO, EHI/KDAREF AR & WhE O 8 i 12
BT LR TH A ANE OEMEZRLH L Tha,

ERAENCHR L 72 & &, KR O T 1 NIRRT A

#i 1 CO, LH/KDIRA L Z LS B8 OIEAM EP MM OZEELET), CO, LH/KDEGILNEFRD & EITE

JEQOEFMNKEL/2S (Kogure etal., 2018 £ D),
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7=, BILOWPRIZ Haines jump EIRIEN, LLRETD 5 2 DELE
MHEHEINTOWEENO ER &R T (Haines 1930 ;
Yamabe et al., 2015) 23REFTHICE L TO AR S RIS
N 7= (Berg et al., 2013 ; Tekseth et al., 2023 ; Tekseth and
Breiby, 2024) .

& % PE D R IR R —AH AR O i 111 ganglion dynamics
EEEN, EBRMBGESTTON D LN SE#HIN TN
7= (Valavanides et al., 1998) 7%, DI > 70O kOl
HIE CTIC K > TH um D43 iR TREBCIRI AR S N/
(Berg et al., 2016;) . ganglion dynamics Tl3{21% %13 & #
ANZZALTIIEZEGET, FROBEHE SRR
DENPEET D, & <ITHBEEED D TV K
[ T @ AR B3 capillary fingering B DR TERE &,
Z T4 U % ganglion dynamics B E 2% Z2HS5, Lo
T, AREE % O E ~ D RS CO, D Ie s DO E
NHANOMR S OBER E, KiFiERE THE AR 2
B9 2 AR B B4 Tl ganglion dynamics 12 & 2 g fR 3
PWHERDLTHAD,

4. Biot DZEEAHEROMELLE2IEP K

4.1 ZIEERADAEREHER

Biot (1956a) O 5k TIFEBRAIICIRD 5 2 D DIRFH
SRR K & K R, K 13 unjacketed 521, K 13
drained 55 CO AR R TH 5. unjacketed 51 Tl
AAETOEFRAEPICEE, WHKOEZ LRI EE
& & D REV (f{ & K TE % &  Representative Elementary
Volume) &V KZWHEHBOOT A ZFHT 5, Z OHFFH
RN K, ThbD, K TFONMICEDI 70807
BRSO 5 N3 +4r K EWEHEK TIIE— b e
HEEZX D, REVIZHEYEANOE S HANK DL DR
INEIETH D, EBRHFABOMEREA REV X D K& Tk
FHUE NPT s A REROEE &5, DI, Aol
13 REV il 2 2 HIg &9 5,

6 IZKRGE (~0.1MPa: ¥ O&EHR2T) FOLAHE
H15 (D 7% unjacketed £ THE —p® OHICHFEIET 5 IREE
(ID #ZRd, ZOEZEHADOIMUENM FLERED 2 5%
LWEADRMD D, WolED, FLEED EBIREL WK
TERMER K, OERICES —p " 2 1A D EALBRNITHEOIA
DZENTE, LROBRVEGZEIMNE—pC DIEH LD
RIS DORENHETE S, > TUUMEDOOT HIIALEAT
BWEERDOOTHAESEL L, ZOREHRMERN K, TH 5,
ZOMEIZAEARICETENDIMYOHEERNS S K, ZFITE
TEDEEZEZONDD, EBRIIIIWRI LY I E £
N5HENHLRM, 2R ENFEET 2720 K I8M
SOFIEME D /NI L<RB, IN6ABTY NT—TIZE
I 72N 22 & A TIRIINEALRR SR, EBR O K 1 IRAT
2R DB THHEME 0 /NS <725 O T unjacketed 5
TO [EBfE] LLTEEIND, /- K32 EA
LHROEERKI TR T % 7 L — LA DN G Lk
FEPER SRR TE S,

JEERICHEDN D IRIRDEAZBE <724 £ % jacket T

& 89

I. no external pressure

II. unjacketed condition

A7 & =OR =S 7N
//o§§/ D Qe
R WIS
%05}\:@/&6
NN

M6 LEL:HETOEZIEEA, QIIREVHU LD
K&EXZFD, IL : unjacketed 454 T Q fEIKIZ
BRLQ &rbd, Z0&EDEBEIERIIK,
Ths,

T B¢ IIL : unjacketed 5 fF % & o 7= 4K & T fH I
% jacket THLA LRI A DI HEH /I BEIC T 2,
IV. :AEZ-PIZLAESED, ZOLEDHE
HES LRI — P —p®) THo, ZORE
% drained §:ff &ML, EH EFITX DI
QLT %, DL EDERBEEMEN K, T
H 5,

AAHANFHICF 2—T 22 LAY (K61, drained 4
T ZDIRRETHEIEZ —PIZ LA SE, fLBNRARDTE %
—pITHERE L 72 £ S LB D IEMIC & B ik 2 B G A
SHEH (M6IV) S85, Z0&EDREMIERN K, T,
BRSSP DMED 7 L — L OIRFEMIER 2 Bk T 5,

4.2 Biot-Willis 2% & =D ER

WIEIC & % 5 % unjacketed IREEICE S EEH—p T
OFTH e, NFETD (M6:1—-1D, KIT jacket THLA
drained :fF CTHIEZ —PIZTHE0VT H e, MM 2 (K
6:MM—1V), TNTNDVTHAIIKs & KdMNSLLFTE
N5,

e,= —(1/K)p®, (4-1)
g, = —(1/K)(P—p®) 42)

— (P—p") 13 unjacketed §ef:70 5 drained SRMFICE D IE S
BMOEEMETH 5,
mHEEMAS &
e, +e,=—(/K)p®— (1/K)P —p©)
=—(/K)IP— (1—K/K)p®]
=—Q1/K)(P—bp®) (4-3)
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E12%, b=1— K,/K_ % Biot—Willis {#5 & IR,

X (@43) FEERT L —LDOEREHER K, &7 L —AIC
Mo BEN— P—0p?) IT&> THANED VT HHES
NEZEERT, £oT—@P-0p®) B7L—LTMb2
EhZERT, ZOEZbIZAEMHE-P—p?) THL T
L—AIlmbaNEZRT O —p Y1 T 2 MIERKT
Hb, b<1THBN5 7L —AITINb3MERELES
DREWV, AHEEZBADENTIT L—L0NEINITE L
THREEL TS,

unjacketed £ TDIME O A

e, =—[A—0)/K + o/K]p®=—1/K)p® @4

E12%, drained MO EIZAREN O DS b IT2L L
72 &£E Z B0 T IR ARFE I 24 9 2 350 1 AR FE
M# K, ORBYERIZOTH— 0/K) (P—p?®) ZHZN
WAL P AR E R 213 0A D 2 ENTE S, (44) &
FUEICES &

g,= —[A=b)/K,+ b/KJ(P—p®) = — 1/K)(P—p®)
(4-5)

3%, 2L, FEBIZIAEN ST HE N2 E 0K
FMMERII K T, ZORARIBENITIZOA TN WE
Thbd, fLEREEESHD2WEITILBRILE—pO LEL WE
HFRFIR ST, LS YD ERSNZWEDOVT
IR EAET— 0/K)pP TH %, drained 5 TIIFLER
WARIEHERH E N 5 O CTHBRAEEIZARE DL T KD /hE
WAy, FLERD 5 80 B S 1172 #9813 unjacketed 214D &
EXLDRERVTHZEZINE drained S TOFLIRIC
MDA Z EIZTERWY, K> To <b &7 fLBRAFIZ
AT 2 LRI T %,

PLEMS, bid, @ drained & 0B ZEE— P—p®)
TT L —AIIb B ERS %R T 720 FLBRIE—p 12
MBEIEREL @ drained £ TOFRE, WS 2200
FRIRAIAL O LD,

4.3 TDITMD/INZ A — % & undrained 5 4 T D

Gassmann-Biot D=
ZDMDINT A —# 1213 Biot modulus M 73% %,

/M= b—)/K+ /K, 4-6)

K (4-6) 1FFLBREE & FLBR NI AR D FEHi 28 DA ATFLBR N 1T
HEZENEMETHS %IRRT, B1EH 0— /K,
WEALBREEE L 72 50 O BRI 5 DO AN — 0 — )
(V/K)p® 722 T EITHIET %, ZDVY AHHLEREEIC
K UNEINS OFRETECZOTHATH D, 52 HITAL
BIE—pO THELCERAEDOTATHS, N5 2DDD
THEMAT=ZH DN REV NEBDFLBR O H L7285,

I ANE T 50, DL E2 S Gassmann-Biot O & IFEIE
% undrained §: 1 (FLERPNIRARS REVINICEA CiA D 5
N/-IREE) TSR

K=K+ M 47)
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e 575 (Biot, 1956a ; Carcione, 2007 ; 74 1% 2023a),
=L, @7 ROV TIELEID S BRENMREEIN TS
D, Thomsen (2022) MEEFEICDNTim L TN 5,

44 ZIBEERANELIETHE2EPE

HEHMZAEEANZERET SMMERIIEE 1/, B2
EHMTENZ2HEDO P E ST THS (Biot 1956b),
FE1FOPIIZEE L CEEE S ZE/ET 2 PN 5D,
TARIZEAREMITER U TENMT %, BEIR ERARDZENLIC
WO TNRMMENTEET 22Y, ZHUIFRIKORIEICED
SIFNF—OHERDRERKR E /25, 525D P i3 fLER
AR ZZRE T 2R (Fik) TH2S (Biot, 1956b ; 74
1% 2023b) . FLERPNIRIA DERFERMER I NS N EB KT,
WEKRDOEENL ODEAERID /NI WEDHE 2 7 P K
DIFNF—IIHE1IEOPHE RO /NS W, Fiz, K

water

1st P wave

/ S wave rECGI‘ﬁr
2nd P wave

@ : incident angle

transmitter
source

rock sample 7,

@ :angle of incidence (°)

reflected 1st P

w20 210 =20 20

time (us)

7 FH2FDPREIIFABRNOIRKELET HH TH
DMBFARICE LA GIKPEEZRNT 5
EEANTRIREINST W, Kk % EARE
MIZHHT2EE 1P, Sk, HB2HPK
MEE S N5, I 56 3FEHEOWIIEE N
LD EITANEREIRD, AAahTENTNNR
BROREEZEDOTHEAIZ T ZLDLDITH
Wz BT 5, AFANKE L BIUTHED
REWEIHPHIIWERLERAEZEZ 57
O FLERD O PTG ARG D /NS WEE 2 7 Pk
MicEkICHN S (Kelder and Smeulders, 1997).,
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AEWEFIZFLBRN D AEIC K B IR DL S %
D70, TXIF—REENRE N, WolEDEEE T3
FERHO I F—EENNE <, ERTEREWETH 2,
%5 18D P i 0% 13 undrained 4& T O &G M 2R
K, Z W TR T

Vi =[(K,+ 4w, /3) /0] (48)

L%, o\ XEAREOEE TEEE) & REs O%E
0, &0, DHLAEDH

o=~A—=d) o+ do, (4-9)

Th 5,
EIFEOPHEIIDT RS ELES DIFFT—EEEE
AL TEWN, WolFD, 2O PIRITMEHA MM TIX
AR DL Z £ 2 23k B) & U TR 2 I 3L BUR BTk
79 %, IREIT ZIEHNEEEN S OILH TITIRIET 1/4 3%
EcEiEtosiss, BEEDEL< D EREPILETA
M5 X0 BITENEFHEN S OEN RS E-L, 552
i P DALRIRIRKNZ G T 5, BEESET LB 2P
WORESH RS RN SIWEEEEBA S I L1370,
952 F Py 2 B CEIEIT 213K 2 RIET 2 E
HETHDZE2FHAT D, M7 I3KPFHERAL T
HOHEERITLHE2MPEZBINL 2 TH 2, BHH
ROWEOEANDAFAZELIEIUL B 1IEPI,
Sy, H2MMPHOIEIGEEINS </RD0D, EIFTAD
BWICID SHEORORKZMEECE2, H2HP
IR OF B THDNGE, KPFWITHT 281 >
E—% > ZDEWI/NE < FERNOFRIKICER XL < EH%T
5, BAKRAGZEERI®5 EETY XL &R 3
HOWN DS NIERO/NS WE2E P20 HT 2
LMTES,

5 = X @
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Estimation of two-phase fluid behavior in porous rocks based on rock properties

Keigo Kitamural, Hiroyuki Honda and Yasuhiro Mitani

Abstract :

This study investigates the potential of monitoring CO, behavior using seismic wave velocities.

Specifically, the relationship between CO, saturation (S¢,,) in porous rocks and seismic wave velocities (V, and V) was
examined through core flooding experiments involving supercritical CO,. Measurements of seismic wave velocities,
electrical resistivity (p.), and strain (¢) were conducted simultaneously, and the results were analyzed using the

Gassmann-CRM model. The key findings are as follows:
1. Sensitivity of V,

V, is highly sensitive to CO, saturation and distribution patterns. However, its sensitivity is significantly influenced
by injection rates and the macroscopic capillary number (N,).

2. Behavior at low N, values

When N, is below 1 (N,<1), changes in V, are limited. Conversely, N, and seismic wave amplitude are more

sensitive to CO, behavior under these conditions.
3. Effects of CO, injection rates

Higher CO, injection rates result in significant changes in cluster size and more pronounced V, responses

associated with S¢o,.

These results highlight the importance of integrating complementary methods, such as o, and seismic wave
amplitude, in addition to V,, for effective monitoring of CO, reservoirs. For high-permeability reservoirs, using N, as a key

metric for monitoring strategies is particularly effective.

Keywords : CO, saturation (Sc,); Seismic wave velocities (V, and V,) : Macroscopic capillary number (N,);

Gassmann-CRM model ; Multi-parameter monitoring
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KB LIRNSBET 5, ZOR, IrEBERNEOREIT
KEFS U <WEK-l, K-KBAZAD 25, K-CO,
D 2 FRK-H-CO, 72 ED 3HITZLL, HEDEE
AEHER K PRKESBTZZENHEIND, £z,
CO, JEAIZE B2 D HIBRAKIEOEII T g 2k 25
OOROBKICEEEZ L2, AOOKREHIERCRIMER
BT BHEELZOLND, SISICEAINE CO, DX
JEBE ORMICEMR L RE (H,CO,) &720, X 5ITRMK
FAF > (HCO;) EKFEAAT HY) ICEHET 2,
SICEEEDHED REEKFEA 4 N3 REE1 4 > (CO5T) &K
FAFEERT S, ZOXIRBICK S THIEADA
FREDN CO, DIREOENT DI ENTIEIND, Z
5 U THIEKITIARMRE L T A b L 7z CO, 13 HE K o
VT TAAF 2 (CENRRT R IT LA M)
EROR LIt 9 5 2 & Tl 2 W2 Il I EE
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TIN5,
ARG TIXHL N EEICE A S 17z CO, DIREEZ AL,
ff“r CO,— HhiJEg 7K D — J@ AR D5 8h 2 4450 5 O B ]
E72 4% O W P&, P #E EZ (V, © Compressional wave
velocity), S J i EE (V,.: Shear wave velocity), & AT (0,:
Electrical resistivity), 75434 (e : Strain) % W\ CTREfid
5 EEHMNEL TEMEL EEBROBREZLITHFTT 2,

2. RAARICEAR L2 E A DHEMERERE

P I R F AT E AN S BRI AT e 7R PR fiE AN ©
iR D CO, I E D CO, flF1=R (Se,,) ZFHMT 2 Z
&3 CCS iyl B AT =0 42 4 PERTAM 22 47 S LT@EVC%
%, WrRBENOEM - KRR X DI &% 7T 57290
IR S RICH WSS, 22 ﬁiiﬁ{mzﬁ@%u
U7 a0 OBMERGHEE T T IVICOWTHEICE L0 5,

FOOHERHEE IV, V) Z—BicznznROAT
REIND B Z1E Mavko et al., 2009) .

y = 8 1)

.-
0

ZOW, KIZHEGOREEIER, I 3WIEE, ol 3BET
H5,

JERENEFR IR (Non-wetting fluid) & Hifg/K D 2 D ik
KEEDEAOHG, AEEE o BUTOXIITRTZ

EMTE D,
0,= A=do,+d{A=S)o, +S.0.} 3

ZoOW, 0, 04 0, 0,FTNTNEAL HAOEKE
RN, HEKOEETH D, £k ol IMRE, S,
IFHBR DO KBIFETH 2,

EROX1BIV2 IO FEHIEEL (K) BRUHMIMER
(W), BOOEE (o) ko THIENGHENRESINS
ZENDTN B,

BIPER 13V, & VICHGEL TR DO L, ARFE#EME
%Kﬁnw&tﬁhéoWﬁ%m%6®@%mﬁtﬁ?
LEBDUICK EZRL, AABEKEMRT 2IMICE
TSELSNTHO, BRI D8 2 E NI ixh‘f&b!
*ﬁ R RIS E ST M T 2 50 ORL{LD L

LS EZRIYIEET, AaEHEHEROMEOFEZZ
%,

(1-K, /K,)?

— dry
™ 't o/ K+ 1 —0)/K,— K, /K @

Z DR, K, \Z8FE O ORREFEER, K, 380 O
ﬁiﬁfﬁﬁf, K, V306 6B i OIRFEGEIE R, K VBRI A
DIRFEHIER T D 5,

I 4 13 Gassmanns I (Gassmann, 1951) & IEIE4, fig

A R 90 % 25 (2025)

UGG ORFEFEERDHEIBRH ORI OFE 2R ST T
% Z & %R, Mavko et al. (2009) TILRIBRH DK &I
WmIERIR D3N — > DEND, K, DfED K & IRiE
WD D, V,NRELSENT DT EEHFmRAITRL /2,
K, % TR IR & W5 pk 9™ % IR D 2 HH O (R R 2 O SN
S (Reuss 91 Ky, &9 % Gassmann-Wood E5)L (2
5 13 K, D FRMEERS,

= 2— (5)

Reuss

—75, K, & SHRAMHOMIE (Voigt 13 5 10 6) 133
DK, O LEREERS,

K= ESK ®6)

ZoEE S MBI ZE T S DR,
HETH 2,

$ 7z, FHINSEYS &FRFSEE QR INSEYS T & % Hill Y (B
L < 12 Voigt-Reuss-Hill -9 ; = 8) 1 Voigt -3 & Reuss
SO K D BEENR K, L1255 ET IV ENRE
INTW3B,

K = KVoigt+KReuss (7)

Hill 2

K V3 kR

Mavko and Mukerji (1998) Tid, KOO FL VDT NP
WEER (H: X8 ZEATSHILT, HAOOMEHTT
DIEFENIEFRARDDHINY — > Oifam & Al E L7z,
4
H = ptVZ Kmt+ 3 M (8)
Mavko and Mukerji (1998) 3 AFEHMER K Titfia T

W7z, Gassmann-Wood €5 ) (X7) & Gassmann-Hill &
T (K8 & HEHWTHZITERL 2,

HOV = H,+ M ©)

X 91T P J iM% % 2 /= Gassmann-Wood & 7)) % 7R
T, Z O HAZHERIRIE D P #E %, b 13 Biot-Willis {7%%,
MIIFH A2 (Fluid storage modulus) TH D |, &
neNLLrFoOXTERIND,

K
b=1- d”/K (10)
{w¢> o
= + — an
K K,

ZOEE KRR E MRS % R ORFEBEEER O Reuss

Sy (ﬁxﬂ(mﬁﬁfﬁ PE#) 2HW TS, Gassmann-Wood

ETIITIEREBRF OIHBFNERIKD T T 25 F A1 X443

NS L, R EIC X DS Y O TR

L TWaEDICH A5 IREE (Uniform saturation) % L 97,
KIZ Gassmann-Hill 7)1 2 X 12 ITR 9



Ik EE - AH

Hw

sat sat

S S
Lﬂﬂzzl/{};;+ W} (12)

Z O, H™ I ZIEENERARIC SRR U 72K P
MH, H3KITERITEM L2 EED PR TH 5.
Gassmann-Hill & 77V 13 R BR H D FE i3 U 7 1R 73 i 1 g 35
JEIZE > CHERIGEIR 7 S AT YA X&HF L, NEERY
A (Patchy saturation) Z/R9 Z EMNAREIRET IV TH S,
7272 L, Patchy saturation & 7 )L IEiEN M RAR O JE R
B2, DM DFRLDRENEZITOA, HIHKAHET
HHREEZEEL THBDLEND S,

kN
A= /w—n 13)

Z DR}, kKITRBR, o ZAFBEE, nB3HRAOHERT
HB, £, NIFRATREND,

Hd
N=M Hi (14)

sat

H_, 13 Gassmann-wood & 7 )L Ca#Ali L 7z P # 32 T &
%, BBICHIEIIC K DMHATRER Y T X514 X (5t
Ny FH14 X)) 2X151TRT,

~ [FE,

L= |- (15)
BETIEMHIRIKRDO AT — IV &E B L= PIEE &
IR OB % & L T Patchy saturation &5 )L #JE5E L /= &
FIERTTINNDIREINTNS, FIZIIREE RS %
R IEHmNERIKD 7 5 X% (Patch) OH A X&#HEL
7= Gassmann-CRM & 7)1 (H®M) 7s EMLELFIHINT
W% (Caspari et al., 2011 ; Gurevich and Lopatnikov, 1995 ;
Muller et al., 2010 ; Muller and Gurevich, 2004) ,

AR T LLFIZR T Gassmann-CRM £ )L IZEE DWW T
EmrED 5 (K 16).

HGHfHGW Hff 7FI[
H—H — H"

ZOW, H \3ANERPEHMER, H 3P EHERD
RS, H R ERRA TH %,

HCRM = [J6W |1 +

16)

=|1—A el a7
o 2 (ika—1)?
H, =H/(1—A,+A)? 18
H =H, (A, —1)? 19

H 3R 11T RO FHR S N2 AR EGEIE R O ME (M)
ERWTEHELZ PERIERTSH S,
H,= K, + 500 + 4 (20)

dry

CZTRIBHE, al 37 9 A DREVA X THD, M)

e =8 G 95

ER 11 Z2HWTENT 2,

HA

A= (22)
Hsat
b2 (M)o?

A= (23)

2 2H

sat

Z O, ok, I KT R R O ERULA 2 R L
TWwa,

CIETRRTERLS LV, EEGOMBF O RN
ek D43 - Mk %[BT B 720, BRIEA S CCS I
BUSCO,MEEE=S U > IR ESEEEBNHTE
<FIAENS,

3. V,BLUV,DRBHEICET< CO,
SRR

O 1T & B BRI E S CO, I BTy >~
ZIZBNWT, JFENEHEEOERE (S, ZHEkns
BT HZENE-DODHMWTHA S, RIETRERXRNEZLD
12, WARICRIR L 72 A A O EE (V, BRTTV) &
RENERE D HINY — 2% S, [Tl < EEEZ T TN
52 ENMHASNTIRD TS, & 2 CARE TN EE
&S, PERICDWT, Kicfaf L7z Ea~\HERR Co, &
HEAT237 75y KBtk e 2 A ht
T o =ik Ba#s 5 (Kitamura et al., 2014) 7» 59 %

KICBIFN U 72 2 ALE R 1T CO, Z#TEA L Seo, DAL
K9 % gL R D 28 b A WA 2 AR CCS D SR
TELTIELfTTbN T3 (Lei and Xue, 2009 ; Xue and
Ohsumi, 2004 ; Xue and Lei, 2006), Z#1 5 D SEiTHFZEI3HE
EES CO, DIEAILEN V, MK 10% AT 5 2 &,
AL D CO, DI AN A A ORISR E SN TARY
BanfizmlL TWb I EREEZRLTVS,

EROLIENAICEER CO, ZIEA L& ZIZ, CO,
MAEE Bz RT X CT AF v 2 EEZHN
7232777y RIMBRTHHENZIN TS (Ahmed and
Lebedev, 2018 ; Shi et al., 2011 ; Zhang et al., 2014) ,

F7z, Gassmann X &ZDILIRET IV NS, IEFENER
 (Zogid, CO,) DNy — 28 S,, &V, DBEfRIC
REBHEEGZDZENMPASNTIR>TWD BIZIE
Gassmann-Wood & 7)1 % Gassmann-Hill €5 )V), il
V, 5 S,, & IEMEICHEE T 2 2 DIIZIRRNEIRIK D 5 15
N =BT 20 ENH DI EERL TS, LN,
T RSSO IEFNMEIRAR D 5341 2 IEMEICIERE T2 2 &33BT
FITIFIEHEICHETH 5,

% Z°C Kitamura et al. (2014) TREHAESMICHEE S
J 3K, S BBERTH D V, & V, ERECHEL,
V.5 Sco, % &l L V,=Sco, PBIRIZD W THRE L T
%, ZORBTIIMFERE (0) 2524%, KOMIHEHEED
10 mD LMW EZEZ RN TS, O TIE CO, 1EA
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a) Drainage b) Imbibition

28 1.5
% o7 148 @
E g
226 11.46 .
g 3
[ -
= 25 {144 2
o o
g 3
I 24 {142 2
(7))

23 1.4

0 20 40 60 80 100 O 20 40 60 80 100 120

CO, injectied Volume (ml)

Water injectied Volume (ml)

1 CO, IEABIUFHIE/AKBRICHBITS, V, & Vs D&k (Kitamura et al., 2014)

(Drainage) D& 7125 EHE W T/K ZHiE/K (Imbibition)
AT WY S g P EE & HE U T %, Drainge (359
30000 s T 2.13 PV (%9100 X 10 °m®) D& R CO, %
A U7z, F 7=, Imbibiton T3 #J 42000 s T 2.34 PV ()
110 X 10 °m’) @ CO, BIFI/KDIEAZETTS 7z, ZH TN
D AR D A E 1L Drainage - Imbibition & 61 —E &
(833 X 10 'm’/s) TH 5.,

1TV, &V, OHEIERE R %ZRT, Drainage i 2 Tl
CO, EARDOHNMIZHEW, VX2 ZERT —~HT
Ve e mz R U7, £7z, Imbibition 2 IZH W
TRV, i3 FEenssEm, VidEdEmrRLz,

RKIZV,ING Seo, DHEEZIT D T2, VK2 TIREN
TWDEDITHIE#R 1 EREDEE o, N SHEEMNTFIHET
& D, WIMEZR 112 D W TiE Hertz-Mindlin model (5] X 1
Mavko et al., 2009) 1Z& > THEE L7z, HERIREED AL D
BE, MBREEZNZTNNEL, UEREEIECEKD
EE (o) & U7z BIMEZR 0 3BT OREKDZE %2
F7sn, 207w, V, DEIZFBRIRAE O EE DLz
RLTNWBEEZEZBZENTES,

0,= A=) o, + LU=, neo, +S,0,} (24)

XV ML e ECOEEZLYT, ZOLE,
IRk 2K & CO, D Mk & L TER D5 E S, 13
16 XDEDITS, DR ELTEAD ZEMNTE D,

Seo,= 1S, 25)

ZOXDITU Tl L7z S, & Drainage 35 & UF Imbibition
204 ORFREM2IZLDT, 2121 HOY, HOH B XN
1D Gassmann-CRM EF)VIZEEDWTHERIL 22N D
V=S, itz 5OETORL TS,
ZORER, DI 3mSR T,
1. Drainage & Imbibition (235 T V,—Sc, 1T JE LN R
MRS5S,
2. BN TEINi CO, DEFENTRB SN,

g e 90 %5 25 (2025)

28 ' ! ' '
O Drainage
- # Imbibition
[= CMR 1D T
= pra— R 11
- BN~ 5.0mm
=
S - 10mm
o
[0}
>
[}
>
[
=
g e I TIERS
+
23 1 L

0 0.2 04 0.6 0.8 1.0
CO, saturation

B2 V,oEfh 5 HEL S, &V, DB %
(Kitamura et al. 2014 12 lN%%)

3. Dorainage & Imbibition T CO, 77 5 A & ¥ A X4
ftL T3,

INSOMERBBIIXMCTEEFELZH VW27 7TV R
Al & R I E O (AR EIE 217 o T2 WF TR SR S RRATRY
Td 5 (Kobayashi and Mavko, 2016 ; Lebedev et al., 2009 ;
Zhang et al., 2015) ,

4. ERBEEADV, BIWERAEDRFAE

KIZEIRBR (105 mD) MOEBRE (264%) O Mt
Simon WEZE A W=7 7 v Rl & V, BRUEMK
HE DFE R ZHIZ CO, DIEAHENE K GG DOYMHEITH
72 A %I DWW T Kitamura ef al. (2018) 123D W TH
BERE

FIRRICEE U 2 G R O R > 2@ 3123 ch D Y,
HIEH ORE %, SRR LHMICES - 2RE L,
KR U2 a A alkhic —E & (833 X 10 'm’/s)
T{E ARFfE 25800 s T 210 %) 25800 s T 7.5 PV (¥ 214 X
10°'m") ORER CO, ZIEAL TS, K3I1CV, BXU
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25 . . : : 2500 e DHERRZERT,

ZORE, V, DIETFRAURA TS 4 %R & K ITH5
24} e 1 2000 (Xue and Ohsumi, 2004) M SHEEFINDMEE D /NS <,
@ L Sco, BZNIFERE < BWATREMA RS N, —F, CO,
£ T EARMEIEAD ¢ IMAERIZRL, CO, DIEA
g 2%% 1107 Bk ORISR B EEATRH I L, A
- S CTBLIEREEHBEL TWE I LMD, —ERD CO,
3 22 11000 & MEBETICEEL TWD 2 E2RELTVD, O/

E TP ST D S FHIE & MR T 5.
SEPY —e—Ch1 o axal 1 500 ZHED 2 DOWEOBEREENRT, LR O
:g:ﬁ o creumferental 7k = CO, itk D2 &2 D W T Gsaamann-CRM £ 7 ) % Hi
”o | | | . . WCRAT . BEEROERBIER (K,) SAMER (1)

Hertz-Mindlin contact theory (#il 2 ¥ Mavko et al., 2009)
ERWTCHE L (K4,

TORER, 4% FREOEEX TN SHEESIND Sco, 137
FTAIYA XL D TE~B%BELRBENEEZES Z
ENgmo Tz, NNy FHA X e 15 10K D Z5T
L7538, 42mm ERERMEERLEZ, ZOENS

Elapsed time (min)

3 MtSimon i51Z CO, ZIEALLEEDV, &F
DAk (Kitamura et al. (2018) 1ZHN4E)

L R s s Mt. Simon #4112 CO, % — &/ MO L iR CIEA L
os I caw ) FAREBRTIRAE E12 CO, 7 T A5 BRI N V, DL
- LA - Gassmamz(izvzmr‘;fﬁ'] WEBRE Td o 7z Z &Y Gassmann-CRM £ 7 )L IZE D /=
S 96} > ::g%g - WD SRR ENZ, CORMEERIZE ¢ ORERRR
S i N — TEEOWERERE V, OB E T ER HITES, %
g 94 1 7z, P Dk IE @ Power Spectrum Density (PSD) % CO,
o 92 DEABDEIIENED L TWDE (K5),
=2 : Z ORBFEG & Gassmann €7 )VICHED < HEHE RN S
0l ° FEDWE DFFD T FILF— 75 & DY Seo, DZAL
......................... WCHUEICIE L TW A A TS V, IS N WgE
88 L——— MHHTEEFEL TN,
0 10 20 30 40 50 60 70 80 90 100
002 Saturation (%) 5. RIKFARENHMERREICEZ HFE
4V, % AL i & Seo, ® B £f. (Kitamura ef al. Kitamura et al. (2021) TliZ, CO, 1 AEEN LB A
(2018) 17 N%E) BT 2V, CEJURNER (o) KHEADEEEFET 5

&5
a) s | b) " - - -Water saturated |
RS I
247 N - - - 02PV
P .t TN
0.2 ¥ 8 3t | — J8RV
0.5 > = ' —— 40PV
1.0 o o —— 80PV
1.5 v o 2}
2.0 o <
4.0 \J wn 1
7.0 | 2omv ™ g . ‘
0O 5 10 15 20 25 30 35 40 £ 0 P P
Time (x10° sec) 01 2 3 4 5 6 7 8 9 10

Frequency (x 10° Hz)
5 Pkl () & PSD(b) @ CO, FEAICHES 2L (Kitamura et al. (2018) 14
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ZEZHMELT, Bereas (¢ :181%, HixH2RiBEHR @
15mD) ZHWVWAZIT 7Ty RikBaEmEL -, O
TRV, 2 ELDEZF VS IREEL, o, AW
HEELTHNWS ZET, CO, Dt YR D
ElezEmE L Tna,

ZZTIECO, DIFAMEDIEFEEL LT Z7OX T —)b
F v S5 —% (N, : Virnovsky et al., 2004) ZHAL /=,
—RWICHWENAF Y ET U (C) BB AT —Ib
(107°<<107 ToMMthEEE oM SEH TN, M
BN T OIRIK OB I CERZ G 2RI S5 N2 K
TR THD, SEEALZNIEZY 7O —) CHGA
r—=)LInBHE XA —)L 1 10 °<<10° m) TOFRKZEE %
Pl B0, BENEIENLENSHEH SN ST
H O, I ENERTOIARSEE 23T 272 0IEA L 7,
_ 'U“COZVCOZH AP _ D
7 L |AP()]

(26)

c

Z DR, i, 13 CO, DREMER, V13 CO, DT I —
HWE, 713 CO, KRDXMEEKS), DIAHEEEzEITN
EWBRESORT—)THY, ZZClEFaryoist 35

mm) ZHHAL TW5S, APIIMBRKAZELE CHIEM L

£1 CO,HEAMEE C, N, BEU S,

FR 10,10C, N, Scos

(X107 m%/s) (=) (=) (=)

1.67 —8.84 0.70 0.05

8.33 —8.14 1.36 0.10

16.67 —7.84 1.52 0.16

83.33 —7.14 2.76 0.25

166.67 —6.84 6.75 0.35

333.33 —6.54 17.37 0.39

500 —6.37 30.93 0.41

833.33 —6.14 71.60 0.47

g——————————————————— 1.8

Gassmann model 16 /‘6
©38 1.4 ZO:?
£ 12 &
g 3.7 0.8 g
. 36 0.4 %
0.2 8

35 . . . . . . " . " 0

0O 01 02 03 04 05 06 07 08 09 1
CO, Saturation (-)

B6 CO, i EAME DEALITHED V, & Sep, BE T
N, ® B #%, Gassmann-CRM E 7 )L 1T 5 D
T U 72 V,=Sco, HIFR B HFETRL T D
(Kitamura et al., 2021)

g e 90 %5 25 (2025)

Fa7E 70mm), |AP(f)| RIS BEE DK
MEDOVIITH D, ZOMEEZEBRINTHMY 25 I LIZN
#TdhHb, I TI I Tl Reynolds and Krevor (2015) T
250, Berea WA D AL EEE (Entry capillary pressure
P) #fRHL T2, NIIENEEZEATSHIELTES
D EEHEETHIEMNRRERD, £z, ZOMKTIE
RANT P ABEEROT Sy, EMISRH TS, Zh
TNOEAEETD C, N, BLUS,, 2K 1ITRT.

KIZ Sy, DIEARE 2R S BIRFOBPEPIRE & S )
DERZERY, F7z, CO, DIFAREZLIMSERED
APIZHDWTEE L/~ N, Gassmann-CRM E57)LIZ k-
CRHli L7227 5 X5 B A ZOZALITHED V=S, HHFET
RY(6), ZORE, BRSNSy FH A X13044 mm TH - 7z,

ZOfER, CO, DIEARENRE 2D L, S, K
ELBBIENHEENII Rz, £z, NN 1LIFTIE
Seo, DEALITHED V, RS WAL N A1 ZMrr A5 &
CO, 7 IR YA XDENRKELIZD V, bRE L
T2 ENHSMNTIED T,

—J7, PGS0, FIEAEE ORI D S, DAL
U THEmMEmZRLZ (K7, ZOBRITIZL<DET
MR R ERMTH D (Bl 21, Nakatsuka et al., 2010;
Zhang et al., 2017). ¥7z, V, TIES,,, DZALITH T 2 ik
FEAMEN S 72 N, OfEi (<D TH p, &S, DAMITH
WEKEZRL TWd,

F7z, PO Peak i E & RIGDO LS S, DA
Bz U C N, <1 OEE CHURICRINT 5 Z NS NI
moTn3 (M),

INSDRERNS S, DEALZE V, % 0, 12 EDWIEMEIC
XBEZH YU DT OEEERIZDONT, CO, DIEAEE OB
RMSLUTOEDITEED D,

L N.3<1 Ok, S, OZALIL Y, DAL & LTIk
IZIERLA T T,

2. N> 12isn L, V,02 & U CRIAIRTRE CH %,

3. ST (o) BN ZhhDBET S, OELERN

tHEEZ R %,
40 — 1.8
O 1Hz
| |6 1ok ry 1.6 _
€35 : ; 14 2
c30f 12 2
z B
= os £
g 06 £
o 20 g 04 S
o i =
wf‘ 02 §
0

0 0.1 0.2 0.3 0.4 0.5
CO, Saturation (-)
7 0, & Sco, BEUN, ORAfR (Kitamura ef al., 2021)
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— @ @
:'E 184 o E
:>; o @
2 182 | 1) 18
3
8180 o« 16 _
i i 14 2
X : =)
© ® o
& 178 ' : s : 12 8
0 0.1 0.2 0.3 0.4 05 {1 3
1 0.8 g
= 06 <
o 08 1 04 8
© 0. [<%
o 0. .o 02 8
P .
2067 @ T H°
g. ° 0@ @
<
0.4 - s -
0 0.1 0.2 0.3 0.4 0.5

CO, saturation (-)

8 N, DZALITHED Seo, & P 3% D Peak H i 5k
EIERDZA (Kitamura ef al., 2021)

4. P PEIH DIRIE D ZALIE N, 78 <1 DR, S, D4

BT L TR TH 5.
6. £ & ®

AHEE TIL CCS B Btk FriCPEHEE (V) %=
MW/ CO, E2BE=Y Y >V DOAREMIZDNT, FHEBH
FIEIC K ZHE L 7= E & Gassmann-CRM & 7)1 12 K
DT L 72,

ZTOREE, V, 3 EKEAEE AT D CO, /s EDIEHEN
PERR D% 2R T2 ETHO THEMATHD Z &%
Wlriz, —/TCO, DIEAFEIZEL > T Scoy DEABIT
T HEENELIKTITLARENHS ZEHHS N
a5/, X7 0A7—)L (10 °<<10° m) TOFik%
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Elastic wave velocity behavior of sandstone during CQO, injection

Tetsuo Aono, Toru Sano and Yuta Mizutani

Abstract :  To realize carbon dioxide capture and storage (CCS), it is essential to have technology to monitor
changes in the subsurface when CO, is injected deep underground. To this end, the physical properties of rocks in
CO, injection reservoirs must be properly evaluated, and the application of rock physics experiments in a laboratory
environment that reproduces the high temperature and pressure environment of the subsurface will contribute to the
reliability and effectiveness of monitoring. In this rock physics experiment, P- and S-wave velocities are measured in core
samples taken from oil reservoirs during injection of brine, liquid CO,, or supercritical CO, at controlled effective pressure
and temperature. As a result, the P-wave velocity (V/p) was generally in agreement with the logging data, and the velocity
variation with effective pressure (Pe) was obtained. The P-wave velocity (Vp) before CO, injection in the reservoir was
estimated based on the experimental equation of P-wave velocity depending on the effective pressure (Pe) during brine
injection. The trend of the P-wave velocity (Vp) by the type of injection fluid was also obtained, and the trend of velocity
decrease due to CO, saturation was characterized for the cases of liquid CO, and supercritical CO, as pore fluids. For
S-wave velocity (Vs), the same velocity variation with effective pressure (Pe) was obtained as for P-wave velocity (V). On
the other hand, the S-wave velocity (Vs) decreased during supercritical CO, injection, showing the opposite trend to that
assumed by Gassmann’s S-wave velocity (Vs) formula. XRD analysis confirmed the presence of siderite as a cause of the
higher velocity. The change in mineral composition after CO, injection was also observed.

Keywords : supercritical, CO,, rock physics, elastic wave velocity, porosity, effective pressure, water saturation,

attenuation, sequestration, ultrasonic,
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INFE->TBOZUMEDH HFERNES SN,
2.2.2.2 PRERE (Vp) EFHESN (Pe) EDEK

KM 713&8 > FINICBIT5E8EH Pe) ITHTSHP
Wk E (Vp) OEMAMERT T I 7 Th5, BT HIE
71 (Pe), MM Pk (Vp) Z/RLU, IREIERRDELIE

0.4

21154

21204

21604 e

2125 >
2130- é w
EAMEERER
21350 :?:i'fc'ay - (BrineEARF)
o [ =
sva0e BLE#EA- & ! ) =557
e @ - TUFF
2150- s
us(Tuf) I’y
21554 - ':_)

2165+

é
ke

5 MRERR CAERGIR & O

LTSN PWHE (Vp), G275 7NEfiRE (D,

BEGPRET —2, 70y FBREREREZRT,

6000 Jt{Upp BEsR L
] oy
---SST .
5000 ? o ---TUFF
#1 Y !
NP . | EEMEERER
n # 18 - Rl
< 4000+ L #1900 o * | O ---SST |
.g #p22.0#23 ¢ |° | @ ---TUFF
g A%O #2A (9 e Pe:2500psi

1000

(=] 2 (=] = (=]
ot

B6 2% (¢ EPIEHE (Vp) 07Oy MY (BET—% EFEBRER S D)
BIERERDEA, ARBRFERPARI TR,
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Kig Dry), HEERNE/K Brine), #EFERHIEH
CO, (Liq.CO,), L > T aFEMGNEERS CO, (Sc.COy,

AR DY imbibition 2 77— O #7K (Brine Imb.) %R
. ROEINELT, ARIEN Pe) D¥EMELBHIZP

CO, [EARFIT BT 2 Whia DR #2612 B 9 2 J2 B

WiEE (Vp) 3 LERL, EEEARKDOANBEZLITRLT,
HKERIREE (Dry) 2% ® PGHEE (Vp) MEL, T ORH
7K (Brine) FEAIZTP#HE (Vp) 21 AL, #AHHCO,
(Liq.CO,) AWK DET D Pk (Vp) #EMNMLT (H

SST Sample #1 NA: ® SST Sample #2' SST Sample #2A
5000 5000 T 5000 T
4500 4500 4500
_ :ﬁi‘;" - -
C; — 3 3
i 3500 § 3500 = S g 3500
2000 /" 3000 'f 3000
"4
._.—"I y
2500 2500 F“"A 2500 '_,.-4""-‘
| —
m‘&m 1000 1500 2000 2500 3000 MSW 1000 1500 2000 2500 3000 n“snn 1000 1500 2000 2500 3000
Pelpsi] Pelpsil Pelpsi]
TUFF Sample #8 NA: ® SST Sample #18  NA: @® SST Sample #19 NA: ®
S000 S000 5000
4500 4500 4500
- o =T o g
¥ ¥ =
£ 3500 £ 3500 E 3500 P
5 ¥ , ¥
2000 3000 ._,__4,——"“ 3000 —
2500 ! — 2500 2500
.’?rﬂr
%00 1 1500 2000 2500 3000 *%0 1000 1500 2000 2500 3000 %0 1000 1500 2000 2500 3000
Pelpsil Pelpsil Pelpsil
SST Sample #23 NA: & SST Sample #23° SST Sample #23™
5000 S000 5000
A500 A500 4500
AQQD 4000 4000
q —1 q q
E 3500 — — E 3500 = £ 3500 1
A= IR=—==nli g
3000 — 3000 3000 & ‘
— ‘ —
——
2500 2500 L 2500 =
me 1000 1500 2000 2500 3000 zmmﬁm 1000 1500 2000 2500 3000 msnn 1000 1500 2000 2500 3000
Pelpsil Pelpsil Pelpsil
FEIR: NA: FERAT—T
o—e (D Dry e—e Q@Brine *—* @ Lia.CO,
o—o @Sc.CO, e--© ® Brine Imb.
7 B TNIIBITLERES Pe) 1THT 2 PRHE (Vp) DML

IR FEREN G EIREE (Dry), HAERNE/AK Brine), AR CO, (Lig.CO,), L > P EERMNEIERS CO, (Sc.
CO,), H i imbibition 2 57— @ik (Brine Imb.) DAF—T%7RT, VI 74HEDONADEFSIIREDZDHEHL T
WiEWT—% %RT,

B i =

90 & 2 %5 (2025)
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HWIHEAK (Brine) EF%%) L, X 5ICEEES CO, (Sc. A MMEALTVDEDTHD I ENRBINS,

CO,) ~HEET 2 LEHFEIC PiHE (Vp) DK R4, X 81%, BAHES (Pe) 12k Bk (Brine) % i
%12 /K (Brine Imb.) (2 THi7k (Brine) &IFIFFRIZ%D ELUTEHRMLZPi#EE (Nor.Vp : Normalized Vp) @
PHGHE (Vp) ITREZEWVWD, &Y EbHREEDOR WEEZRT, BEYESN Pe) THBWT, /K (Brine)
WEER &R 7z, 2B, T2 IV HLIZDWTIE Pl DPPHE (Vp) 21 &LERD, TnTnfEREE
MERNIZEHWMEZRL TWD, ZHUISEMRRIC > T 5 ARFOHEEDILZERL TWD, M7 TIE, B> 7ick-

SST Sample #1 NA: ® SST Sample #2’ SST Sample #2A
1.10 1.10 1.10
[C T - -
1.00 1.00 L 1.00 L 4
1 ! ~—r—
g £ — 3
090 0.90 0.90
3 3 z
= & 2
g 0.80 E 0.30 E 0.0
2 Y g v 5 O
) /'P/ = — = —
0.70 0.70 - 0.70 P
« «
0.60 0.60 0.60
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Pelpsil Pe[psi] Pelpsil
TUFF Sample #8 NA: ® SST Sample #18  NA: @®) SST Sample #19 NA: ®
1.10 1.10 110
X ————— X o X
1.00 1.00 1.00 — —
o o a
2 090 2 090 Z 0.90 A
Z :
3 : g v
® /" K] g
§ 0.80 — E 0.80 § 0.80
2 = > =
« — /r/ (
070 070 070
./
0.60 0.60 0.60
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Pe[psil Pe[psi] Pe[psi]
SST Sample #23 NA: ® SST Sample #23' SST Sample #23™
110 110 110
1.00 100 | @e=SSgEIossC — 1.00
"’_,.-4»-"‘“ —t— 4
—
e a e —
Z 090 — Z 090 2 090
@ ¢ ® @
N N N
= = /l ®
§ 0.80 '/ " § 0.80 " g 0.80 ee®
z Z
0.70 "/ 0.70 0.70 '/
0.60 0.60 0.60
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Pe[psi] Pelpsi] Pelpsi]
SRR NA:FERRT—Y
&—e D Dry —e (@QBrine *—* QLia.CO,

o—e @ Sc.CO, &--© ® Brine Imb.

K8 &Y TINIIBILAEMES (Pe) IZxT 2 PHHE (Vp) DAL (H/K (Brine) 7z KUl U TIEHIL)
FLBENZ DWW TIEH 7 EF U,
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THEOL > PRR L TH o NERET 2 &Ik,
JEARMBIC KL PIHEOA (L Z KL T Lk, H
7K (Brine) XU S U7z DIZHIAMICH /K (Brine) % fL
BRAKETHIFEEICCO, DIEAT B —AZMEL 7

OTH%,

ITRTIERMEL 7= PiHE (NorVp) 797D 5,
7 ERIREE (Dry) &K (Brine) ICIEHL CTH S &, WE

CO, [EARFIT BT 2 Whia DR #2612 B 9 2 J2 B

EBITHLBAN OFRAD 100% DZER F =13 H/K Tl S
TW2IRETH 57%, FIkEE (Dry) OIEHML P HE
(Nor.Vp) WZERESN (Pe) OZLEEBITENL TS,
ZAUIEFIZR IR U TdH > THIRIFARDOFEEIC L DA
JEJ) (Pe) 2K % PEDOHEEENDOMHEAMNELD I L%
RBLTWa, —HARERTIE, WM CO, (Lig.COy) &
RS CO, (Sc.COy 1F, BERESN (Po) DELEEDHIT

SST Sample #1 SST Sample #2’ SST Sample #2A
100 & 100 100
80 \ 80 80
g 60 g 60 E 60
# # #
g 40 § b § 0
8 \\ 8 8
[
¢ [
20 20 .\ 20 §'
%00 1000 1500 2000 2500 3000 00 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Pelpsil Pel[psi] Pelpsil
TUFF Sample #8 SST Sample #18 SST Sample #19
100 100 100
80 80 20
g 60 E 60 g 60
o ¢ §
o " of [ N o
g« N AN g«
20 20 Q\ 20
> ]
%00 1000 1500 2000 2500 3000 %00 1000 1500 2000 2500 3000 %00 1000 1500 2000 2500 3000
Pelpsil Pel[psi] Pelpsil
SST Sample #23 SST Sample #23’ SST Sample #23™
100 100 100
80 80 80
£ e g €0 g 60
N % :
ol P \ o o
g * \ N g g
¢
20 \ 20 ."\\\' 20
%00 1000 1500 2000 2500 3000 %00 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Pelpsil Pelpsil Pelpsil
LI
o—o Lia.CO, e—e 5c.CO,
M9 ARES (Pe) ITHT 5 CO, fAfIRERT T T T
EOFEMEAWAR CO, (Liq.CO,), F L > PaFEAVEERS CO, (Sc.CO,) DAT—T %IRRT,
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HIF T - 5T

CO, MR B L TS, Lo TZORFDEEZAL
0N, BES (Pe) OELIZESHDH, H5WiLCO,
FAFIRICE 2B D EEHEL W,

91X Y > TIITB T B CO, (Liq.CO,) =i
HBERS CO, (Sc.COy [EARFDERNTES] (Pe) 1THKT 5,
CO, fAMIRZEZRT T 5T THDH, AEBRTIE, Wt i8I
5t CO, JEARED free-phase UKITIEMEL TW7RW COy) @
CO, I E X ENES] (Pe) ITHBWTHHL TWa,
H7ZEHFIRIUATOEBD TH S,

O CO,[EAREIRERE &) THIE

@ 8 L LK IE S &K O NaCl i (mol/kg/H,0)
4K @ CO, DHi/K (Brine) ~ DIAMRE % 7% (Duan
and Sun, 2003)

@ CO, BE gL AR (B> IV ik (Brine)
BEED) M5 CO, Difi/k (Brine) DR KA
BERE

@ JFEALCO,&E CO, DHiK (Brine) ~\DEAE
fiRE /" 5 free-phase ® CO, & 2B F

® HNRIBMAERICHD D free-phase D CO, EDE|E
5 CO, fafl# L HE

HENES (Pe) % 2500 psi (7 17.2 MPa) /2% 1000 psi
(%7 6.90 MPa) 12 TEILSETWABKHZ, FLBRKER
2000 psi (¥ 13.8 MPa) 7% 3500 psi (% 24.1 MPa) £ T
ERIBTHD, ZNICEHRBWNCO, DEAENEML
TWw3, 9IzkIE, &Y 2T EDBBIMAMEM CO,
LSt CO, OffIAIL, [FFE7/RW UIideE TS COo,
DEIFIRNE 72> /=,

101, W AtH CO, (Liq.CO,) F =13 #EE R CO, (Sc.
CO, [EARFZBIT B, CO, fufiz L 1EHML P & (Nor.
Vp) LOBBRERT I T ThHD, MPOBRDBLILT
0Oy b (O) RM CO, # EA LA, BODRLAL
oy b (@) MBEER CO, ZEALSLGERT, £
Ty o, SEEN Pe) ERT. RBT T
ZIZI3H (SST) ~@ CO, FEAR; D ELELITHE R ZE LI
Dy (SST) DUEFERDOHAZLRRL TS,

Ak L2k 21z, PEGHE (Vp) 1d, CO, fafi=R D A7z
STHHES (Pe) ITHIRTET 2, AR THIIHARNE)
(Pe) % —EIENITHRBRRNS CO, fafIRE2L{LIETP
BE (Vp) ZiFMT200LELN, £
EITHEIRM BRI 2 THEME D B 2 7= D HE L ORI B B s
LBENND D, —F, ARBRTIEY D FIVEB LT
FiEO#NGD B EEHIZ, MEOERZDNDHEMNT1
DDT T TICEEDT=,

10 245 &, BEES CO, JEARFD PIHEEL, EA
W HAEX B (Pe : 2500 psi (% 17.2 MPa), Sc.CO, : % %)
IZBWTRBMIZIKTL, ZOH%ELRIZFESDNITIL DMK
TIEHkRE L, BAEBNTIIHIHEE D 5 10 ~ 15%F2HE O
ERFZRTIENS, ZOREOPHEE (Vp) DX
{ETHhIUSHMETEETH B EE X D, —J5, Wi CO, (Lig.
CO,) EARITHIT 2 P D2 CO, (Sc.
CO,) JEAKRFELERT/INE W B%AIM ., T7abb, filx

il - KRB HER 109

IXEP R E D SR U 72 CO, VIR FICEL BRWERBE T O
ROWREETEHL TS ICB0W T, TOEEE(L
ms Co, 2T 52 &1, WEBENTBET S CO, %
BMAITHEI0OBEHL <D EERBL TND,

Prasad et al. (2021) 12 XU, CO, JEARF D P i EE (Vp)
DOEAD, P D CO, DT TAY —H A X, F£/=I35
MR ORBEFEBIKGET D 2 EDURIN TN D, 111,
10 D7y kDS 5 CO, EARD P E#EED 7
Ow h&EEBELEZDHDIZ, 7 IFTAY—F1 XB XU
WOREHICK S PIEEE (V) OELOEMZESE S
A ELTHNRELEDDTH D,

NIZRT XD, VIRY YA XMKELLD
(patchy) IZDONTPEHE (Vp) OE(LITRBITED
X, VALY =P A X)W/ EL/2% (uniform) IZDONT,
Gassmann (1951) DOFAKEHROKXITIELS 25, £/, B
TR DREEEIZ DN TS, mEARICR2 I DONTRIBIZR
<720, [KEWKIZ/Z BT E Gassmann (1951) D iffRE R
RITE <785, ARG k3 1 E T PLA B 7R ultrasonic
FHEZEHWTHBO, #E OB T S s R
B R 0 b E W ARG R U TW2 O TRERIK
FEHICHERTIHNEND D, KERITZNSTHHEIHEA
BOISREMTHD120, GBBANEZSYYTT
B0 DS CO, AT & 2 5 ik i B 28 (b D g a2 A &t
HEICIITEENSBETH S, FEEIFH (2016) 1I2XNUT,
drainage & imbibition & T7 5 X% —/Nw FOH A X
ROZGELH L0, §AT—ITHAMNELHEE DR K

1.05

1.00

g 0.95
o
@
N
®
£
S
Z 0.90
0.85
0.80
0 20 40 60 80 100
CO283M1F[%]
Sc.CO, --- ®Pe1000 #Pe1500 6Pe2000 #Pe2500
Liq.CO, --- ©Pe1000 0Pe1500 0Pe20000Pe2500
[PeED¥FIZpsifE]

10 CO, fafI=IZ & % P PIHEE DL (SST DA)
Bozlirowy b (O) 2k CO, EARE, B DAL
7o w (@) MEBES CO, 2 EALBEERT,
oy FO®IE, BEME (PO ERT.
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110 CO, [EARFIT BT 2 Whia DR #2612 B 9 2 J2 B

INBISDEHENEDN D B 2 & 2SI ANDIREND S, A
EEBRTE, T—IDHY T ITEBROND 2720,
CO, EAFFD PIGHEE (V) OZEALDERALDOMF £ T

1.05
)
1.00 —
Size of | CO,
\‘ clusters
\
\ Patchy
2 0.95 \ @ @
% 4
N S High . . .
g \‘ .. ¥ Seismic
S ~
20.90 .~~~T~ freauency
"~y
o ‘sN @ Y
e =
0.85 Uniform S
Low Gassmann(1951)
0.80
0 20 40 60 80 100
CO28aME %]
Sc.CO2 ---ePe1000 oPel1500 ePe2000 ©Pe2500
[Pe#DEFIpsifE]
11 CO, fEfi=RIz L% PEEE DAL (EES CO,
EARFD H)

BT CO, DY T ALY —HPA XHKEWN (patchy) 723
M I A AN I D 5 B 0B R, RIERRIE CO, D
75 A —H A4 XH/NE W (uniform) F-IZEFEKROSE
D&EM#E (Gassmann (1951) DfAEHRSR) Z2RT

Sample #1
5000 C: 6000psi

4500

IEE S TWARNA, FIEHEREROBEDZO TR L
TWS TETH 5,

RIZHESN (Pe) & PHHE (Vp) EOBARIZDWN
TERT D, BRES (Pe) & PPHEE (V) LOBEF
WDOWTIEHE 4 DEBAPIRESNT NS, KERTIE
Zoback et al. (1989) DTz Y > T #1 O#EFITE
AUz, H121%, T TINH#1OEMEN (Pe) &Pk
HWE (Vp) EOBERERT VI T7THO, RERNEHUME,
ARAERIRIC K D HEESINZHEE RN L > R Th 5,

12 1R TR D25 ABC OH#EE I Microsoft Excel
@D v )b N — i BE (GRG : generalized reduced gradient
method, —MHEFKAEE) Z2FHL . A>T %
FREU 726 B f@id, Wz R RCALBR/KIE (Pp) 28
3400 psi (#723.4MPa) H o /=& 25, EFEE LRI
2000 psi (#713.8 MPa) £ THHEL TW5d, WHREENS
MEINDHEHE (Po) 56000 psi (#)41.3 MPa) TH 5
EWET B EARES] (Pe) 1ZHEMERGAIFD 2600 psi (K
17.9 MPa) 7 5 APEMEE IERED 4000 psi (K 27.6 MPa) (288
ML TWabDEHEIND, BlAIZZDOREEMNS CO,
BIEALLSGES, EEEILRFO PIEE (Vp) HNR—2
T4 > &R0, BEER CO, #EA L ZGAITFLERAKIE (Pp)
DI EBIRNERET Po) DAL, =512 CO,
IR R DI XD PEOEE (Vp) MMET T2 &HES
N5, 6o&H, Z ORI ultrasonic % & W 7z & &
¥ MHz 4+ —4—) TOERBRBERETOHOH D, *E
BX D HIEPRA > VSP 72 & THIE S N2 Ak ik (B Hz
~HE Ho) SHARTERNWEZDHEOHEEII DOV THH
BT RETH 5,

V = A + B(Pe — e~¢Pe)

5|AX#k: Zoback el al.(1981),Geophysics

-
4000 = X
1
= -
£ 3500 - Type A B c Pe | 5tHfE | XIf@ | RMSHE
o 1000 | 4292 | 4273 | 18.80
Vp Brine | 3235 | 14638 |1.36E+00 [-2200 | 4361 | 4375 | 14.40
3000 e meE | 3000 | 4429 | 4457 | 27.60
,/ Brine e—e G--© 4000 | 4498 | 4475 | 23.20
peoo | Lia.CO, o 1000 | 2874 | 2874 | 0.02
7 ] 2000 | 3193 | 3193 | 0.08
Sc.CO; e—e VoDry | 4418 | 1041 | 1.77E-03
Dy e—e  oeee e 3000 3390 | 3390 | 0.12
—T— T T 4000 | 3515 | 3515 | 0.06

00
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Pelpsil

BREAN(Pe) - PESERE (Vo) DR

X AB,COHEICIIMS ExcelDVIV/\—HkE
(GRGIER) =R

12 Y2 TIV#1OFEMES Po) & PEHE (Vp) &OBR
ERDY T 7 DERBEEARAT —DIZBTDHES (Pe) & P PGEE (Vp) & OB ZR L, ERNERME, B HEE 2R,

FHORIHE MG Ui X DR E R,

g e 90 %5 25 (2025)
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2.2.2.3 SERE (Vs) EBEMES (Pe) & DBAR
M 1BIEEY > TINICBITDE8ES Pe) 12T 5 S
WHE (Vo) OEERT T I 7 TH%, NI T7ITR
THEMES Pe) EPEHEE (Vp) LOLERT TS
TEMBRTH D, 785, RHFHHITBNTSHHE (Vs)
OBET—FIIIEINTE5T, AERBREOXILIZBZ
o TV, EifEIREE Dry) @ SE®EE (Vs 1T

- R\ HER 111

DWTIIHEENZ U ok 7Oy b SR\, —
LT ultrasonic {EIC BT B SHHEE (Vs) OMIEL, PS
W DI LEFE S PN T T HBENND S0, Pk
HE (V) OBPELD BEEL W, BITRTEDITSHE
HE Vo) &, AZIES (Pe) OHEMEEHIT AT HH
MlZRd, /RPBHk (Brine), #HH CO, (Liq.CO,),
5L CO, (Sc.CO,) B X VH/K (Brine Imb.) JEAKED S I

SST Sample #1 NA:D® || SST Sample #2' NA:®D SST Sample #2A NA:®D
3000 3000 3000
2500 2500 2500
4 g g
E 2000 E 2000 E 2000
3
1/ — I
1500 ',,/‘./‘ 1500 1500 = 4
1000 1000 1000
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Pelpsil Pelpsil Pelpsi]
TUFF Sample #8 NA:@Q@B)|| SST sample #18 ~ NA:D@®|| SST Sample #19 NA: DG
3000 2000 3000
2500 2500 2500
g 2000 g 2000 £ 2000 /__4.
" L ,/'
L —=9
& o—
1500 1500 1500
1000 1000 1000
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 %00 1000 1500 2000 2500 3000
Pelpsi] Pe[psil Pelpsi]
SST Sample #23 NAD@® || SST Sample #23’ NA:® SST sample #23”  NA:DG®
3000 3000 3000
2500 2500 2500
9 4 9
g 2000 é 2000 g 2000
1500 / 1500 GeasmssedBpem=nr 1500 .__..—-.
1000 06 1000 1500 2000 2500 3000 1000 6 1000 1500 2000 2500 3000 1000 1000 1500 2000 2500 3000
Pel[psil Pelpsil Pelpsil
AEIR: NA: RERRF—

—o O Dry(F£MR) &—* Q@Brine *—* QLia.CO;

o—e @ Sc.CO, &--© ® Brine Imb.

B13 &Y > TIVCBIDAEZES Pe) 1T 2 SEHE (Vo) D1k
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HE Vo) 3FERU NV RERLE. —F4, @BER 1413, B#IES (Pe) E1ERMEL 72 SHEEE (Nor
CO, EARFICBWTIE SIEE (Vo) Bndhnod b Vs : Normalized Vs) & DOBEfRERT V57 Th 5, ik
PN THHERTNEC 7, (Brine) O SyfEE (Vs) #zH#MEE L THOFLERIAKT A
SST Sample #1 NA:D® || SST Sample #2' NA:D SST Sample #2A NA:D
1.10 1.10 1.10
1.00 — 1.00 e % 1.00 o
p — 0
w w 4
Z 090 Z 090 2 090
& I S
E E E
o 0.80 o 0.80 o 0.80
z z z
0.70 0.70 0.70
0.60 0.60 0.60
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Pel[psi] Pelpsi] Pelpsi]
TUFF Sample #8 NA:@Q@®|| SST Sample #18 NA:®@®)|| SST Sample #19 NA: DG
110 110 110
1.00 — 1.00 - —9 1.00 4
.E 0.90 .E 0.90 § 0.90
& s s
£ £ £
S 0.80 S 0.80 S5 0.80
= = =
0.70 0.70 0.70
0.60 0.60 0.60
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Pel[psi] Pelpsi] Pe[psi]
SST sample #23  NAD@® || SST Sample #23° NA:® SST sample #23”  NA:®®
110 110 110
1.00 ¢ 2 1.00 Fzﬁ‘"— 1.00 ——o—
5 —
./0—"""
g 0.90 g 0.90 g 0.90 h
3 2 g
T s ]
E E £
5 080 5 0.80 5 0.80
= = =
0.70 0.70 0.70
0.60 0.60 0.60
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Pe[psi] Pelpsil Pelpsil
SR : NA: RERRT—Y

e—o O Dry(FEM) &—e @Brine *—* QLia.CO,
o—e @ Sc.CO, &--© ® Brine Imb.

;" Gassmann (1951) DSEEEDOR
usat: mﬁﬂ
ps at Osat / VVOBE

Vs =

X 14 AHES (Pe) 1THT 2 SHHEE (Vs) DL (fi/k (Brine) AL L TIERML)
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KED SPHE (Vs) 7 IEHE L TW 5, X 1513, #&HH CO, (Lig.
CO, E7-1Z#BH 5 CO, (Sc.COy) FEAKITHITS, CO,
faFIR & IEHUL S IEE (Nor.Vs) L OBRERT V57
THD, M DOWTIEKI0IZRT V57 EFMETH 5,

INSHITRT K51, WAl CO, (Lig.CO, EAREIZ
BIF2 SHEHEE (Vo) O, ZLAERZIT NN,
—75, IR CO,EAICLD SEHEE (V5 D&,
CO, fIFIZR D BN & B2 > T 10 ~ 15%FEE DK F 2R
W57z, Gassmann (1951) D SEHE (Vs) ORIT K
U, FLBRFAR ORI U CRITER (sat) 13KGFET,
NIV EE (psat) OHITIKIFT 57=%, #EiS CO, (Sc.
CO,) &ML =5E, NIV EE (psat) AN <725
HNZZEL L, #EERSHHE (V) 233K (Brine) &0
HEINT 2HEEERBIETTH D, L LN ARBT
W SHGERE (Vs) 23 2 oMaIZRL Tha,

CO, EAITEBBRWEAT MY v 7 2T S hOLEE
e U S (Vs) I BE A S AEEMEIIDONTS
BEAONDN, B T)VH#2, #2A, #23 OHIE THE
L 7z imbibition (Brine Imb.) Z 57— I B1F 5 S JEE (Vs)
1%, CO, EARTDOHE/AK (Brine) £ AR D E & [ F2EIC
Ko TWbDT, ZOREEIIE N, 22 TSHEHE (Vs)
CEEBEZHEZ D501 DELTEALNDDONEET
b5, CO, ZBHEFIRIZT D720 ENEBNOREZ
E21CH 5 0CETHIRIETHY, TNl ORIE
IFER 2ICTEmIN TS, TOMIZH SHHEE (Vs)
AND BRGS0 T SIEHE (Vs IcwEs
HAD0REMEDN D 50, BlERE NS OHEGMRHIZDON
THRHLTWS FETH S,

- R\ HER 113

2.2.3 XRD (CO, EAFIEDLLE)
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Rock physics and petrophysics for geomechanical modeling of dipping thin layers

Koji Kashihara and Tetsuya Yamamoto

Abstract :

This study demonstrates the potential for improved accuracy in geomechanical risk assessment by

employing rock physics modeling to account for geological effects on sonic velocity logs. Geomechanical models that rely
solely on sonic velocity logs without fully considering geological factors such as rock compaction, shale volume, dip angle,
and gas saturation can lead to inaccurate wellbore stability evaluations. Using real field logging data from an inclined thin-
layered sandstone-shale sequence, we quantitatively evaluated the impact of these factors on sonic velocities through rock
physics modeling. These corrected velocity data were then used to construct a more appropriate geomechanical model,
resulting in improved accuracy of wellbore stability analysis. Our results highlight the importance of integrating rock
physics modeling into geomechanical workflows for enhanced reliability in geomechanical risk assessment of complex

reservoirs.

Keywords : rock physics, petrophysics, geomechanical model, sonic velocities, wellbore stability
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