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Geologic Carbon Dioxide Storage: The Way Forward

１．CO2地中（深部塩水層）貯留について

2



26Canada

 40-70% of CO2 injected stays in reservoir

         Carbon Dioxide Flooding

3
Associated CO2 Storage in CO2-EOR



(Juanes et al., 2006)

Geologic CO2 Storage in Deep 
Saline Aquifer
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Permanently Storing CO2 in 
the Subsurface

CO2 Trapping Mechanisms: long term security
(how long is enough long?) 5



(IPCC, 2005)

: lab data : field data
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Trap Mechanism & Long-term Behavior of 
Injected CO2 in Deep Saline Aquifer

Mobile CO2
(Physical process)

Dissolved CO2
(Geochemical process)

Immobile CO2
(Physical process)

Mineralized CO2
(Geochemical process)
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Overview of Nagaoka Project
2000

2002

2005

2010

2001

2003

2004

2020

Site Selection, Injection Well (IW-1) & Observation Well Drilling
（OB-2, OB-3）

Observation Well (OB-4) Drilling

CO2 Injection (20 ton/day)

CO2 Injection Terminated

40 ton/day

15 years post-injection monitoring

（10,400 ton）

Improve Understanding of CO2
Storage in Complex Geology!
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Overview of the Nagaoka Site

Lorry

CO2 Tank

Pump
Compressor

Injec. Well

120m

40m
60m

IW-1
OB-2

OB-3

Obs. Well

Well Configuration 
at the Reservoir Depth

OB-4 • Injec. Period; Jul. 2003~Jan. 2005
• Total amount; 10,400 ton CO2

• Rate; 20~40 ton/day

• Reservoir; Haizume Formation
(Pleistocene Sand)

• Injec. Layer; Zone 2, 12m-thick
• Porosity; 23% 
• Permeability; ave. 7mD (Pump-test)
• Conditions; 48oC, 11MPa
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Spinner Test

Profile: which depth, how 
much CO2 was injected.

Injection Profile and CO2 Distribution 
@Nagaoka
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Sand

Conglomerate

Mud



MS1 MS2Tracking CO2 Injected in Subsurface

Time-lapse Cross-
well seismic 

tomography results 
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Saturation Index (SI) of Calcite (CaCO3)
PrecipitationDissolution

-2 -1 0 1 2

SI(Calcite)

1112.0m

1118.0m

1119.5m

Mineral trapping?
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Long term prediction of 
injected CO2 in subsurface



Time-lapse Changes at （1116.0m ＠OB-2）
Breakthrough

→ → → Post InjectionDuring Injection
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CO2 Saturation from
neutron-porosity logging

SCO2: 30%



2000

2020-

fundamental research

storage potential assessment  

core tech R&D

Implementing core tech for 
development

Including Overseas Deployment
(Asia CCUS Network ) 
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Scaling up to commercial 

(1Mt-CO2/y) 

International Collaborations
(USA, Australia, Norway)



２．CO2地中貯留技術開発から、実用化（運用・検証・普及）へ

Research, Development and Deployment of CO2 Storage
(Up-Scaling Injection and Down-Sizing Costs)
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貯留効率

Storage Efficiency 経済性

（economics）
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 Recommended Technologies for



What’s Microbubble?
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Collaboration with Tokyo Gas Co. Since 2007 



Microbubble CO2 Injection for Improving 
Storage Efficiency & Enhanced Dissolution

CO2 distribution
(left: grooved disc; right: special filter)
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(Patent: PCT/JP2009/064249)



CO2 Saturation: NB vs MB Injection

NB CO2 Injection

MB CO2 Injection

Enhanced CO2 
Dissolution
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CO2

Low permeable 
zone

penetrated by 

injected MB CO2

MB CO2 InjectionNB CO2 Injection

MB CO2 Injection

NB CO2 Injection
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Comparison of MB CO2 and Conventional CO2 Injections
in High Permeability Sandstone

Berea: 100mD

Jiang et al., 2019 22



Jiang et al., 2019

A big difference 
in low permeability layer
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Zhai et al., 2020

CO2 Saturation profile along Berea longitudinal direction
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CO2 Saturation in heterogenous porous zones

Zhai et al., 2020 25



Elapsed time: 40 min;  Left: MB-EOR;  Right: NB-EOR

(Xue et al., 2014)
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Gravity Override of the Injected CO2
In high permeability reservoir
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Microbubble CO2 Injection Pilot Test
at the JAPEX field site
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CO2
tank

CO2

CO2 pump

Steam Heater

Flow Meter

CO2

CO2＋Brine : Co-injection

（8MPa, 50℃）

（CO2 : Brine = 9：1）

Brine 
Pump （7～11MPa）

28上田ほか、2020;  Xue et al., 2021)
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Oil Production

No CO2 injection: 60 Liter

MB CO2 injection: 600 Liter
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Visualization of Normal bubble CO2 Injection in 
low permeability (0.01mD) sandstone with X-CT

Xue et al., in preparation



Visualization of Microbubble CO2 Injection in 
low permeability (0.01mD) sandstone with X-CT

Xue et al., in preparation
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Injecting MB CO2: Penetrate and 
Flood low permeability zones, 

Improve Sweep Efficiency !
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 Recommended Technologies for

Microbubble CO2 Injection Technology

TRL 4   TRL 7

High potential  Highly Recommend

Microbubble CO2 Injection    Improving Storage Efficiency

Storage Efficiency:  63% up to 80%   More Economical
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MMV: Measurement, Monitoring and Verification 
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MMV plan throughout the project life @QUEST 



 Advanced Monitoring by US/DOE
・Monitoring at a carbon storage site is necessary to track the movement of 

CO2 and assure permanence for geologic storage.

・Advanced monitoring technologies are needed to decrease the cost and 
uncertainty in measurements and satisfy regulations.

・Giving site operators the ability to: (1) measure critical subsurface 
parameters associated with the injected CO2, (2) provide measurements 
of down-hole and reservoir conditions for real-time decision making and 
process optimization, and (3) provide long-term post-injection monitoring
of the fate of injected CO2.

・Transformational sensor to support demonstration and deployment of 
advanced coal power with CCS beginning in 2025.

Fiber Optic Sensing: temperature, pressure, strain, acoustic, fluid chemistry 
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Uplift at In Salah CO2 Injection Site
Pressure buildup depending 

on

reservoir porosity & permeability,

CO2 injection rate & volume. 

Need continual strain data along depth? 

Uplift at ground surface

How  to             interpret?

Pressure buildup at subsurface
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How optic fiber responses to deformation in alternate layers
of sand and mud during water injection?

Field Experiments on Well Integrity Monitoring 
with Distributed Fiber Optic Strain (DFOS) 

Measurement
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Optic Fiber Well 
#1
(Depth:  300m)

Observation Well 
#1

(Depth:  230m)

Optic Fiber Well #2
(Depth:  240m)

Water Injection Well (Amer et al, in preparation)



160 m

162.3 m

165.3 m

155 m

H24 3層アーマード

Strain observed at a monitoring well (6 m away from injector)

38

Amer et al., in preparation



Spinner Test

CO2 injection profile

Injection Profile and CO2 Distribution 
@Nagaoka
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Strain profile (Distributed Fiber Optic Strain Sensing )



Alternation of Sand and Mud Heterogeneity & Anisotropy of Sand 

Boso Peninsular, Chiba, Japan

Decatur (Illinois)

Schematic representation of 
the Sleipner storage system
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International Collaboration on Fiber Optic Sensing
http://global.jaxa.jp/projects/sat/adeos/index.html

http://www.pnas.org/content/111/24/8747/tab-figures-data

http://www.drillingcontractor.org/high-cost-subsea-sector-faces-test-of-economics-35798

http://www.npd.no/no/Nyheter/Nyheter/2017/Oppstart-av-Gina-Krog/

Application to offshore: Seabed monitoring with 
seafloor geodesy, ROV/AUV, tiltmeter, water 
pressure, etc. 

Demonstration of concept and 
methods: onshore surface heave (e.g. 
In Salah)

Simulating deformation of reservoir & overburden, inversion history matching                      
 overburden management & containment assurance  success of 
injection/production

Satellite measurements+ GPS 
and geodesy for onshore sites
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Onshore: North Dakota Univ. /US

Offshore: NGI /Norway

A fully-coupled Surface-Sub
surface Distributed Geomechanical
Monitoring has been scheduled at 
North Dakota, USA.



CO2（180kt/y, deep saline aquifer storage
under construction）

US-Japan CCUS Collaboration at North Dakota

42

CO2（4Mt/y, FEED）



DAS/VSP for CO2 Monitoring and Distributed Strain 
Sensing for Geomechanical Monitoring at North Dakota

坑井（RTE-10, RTE-10.2: 7,000 feet）掘削完了
光ファイバー設置済み、常時発振SOVは今年春設置予定
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A New Collaboration on Fault Integrity Monitoring
between Australia and Japan at In-Situ Lab 
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CO2 plume front  vs pressure front
(Geomechanical Modeling) 

https://www.equinor.com/en/news/20201019-sharing-data-northern-lights.html



３．大規模CO2地中貯留の実現に向けて

Can We Achieve Gigatonne CO2 Storage?
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Source: ADB, 2013

Most CCS/CCUS projects operating in North America and Europa and 
main operators are major oil and gas companies.

Some projects in East Asian countries (China, Japan, South Korea),
Australia and Middle East, but less in Southeast Asian countries. 

LEARNING by DOING !
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US/DOE(2019)

2005-2011
1 million tons

2011- (new regional initiative)

50+ million tons 

光ファイバーセンシング技術
（分布式音響測定 - DAS）

Shale Oil
EOR
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 To identify and address knowledge gaps under a new Regional Initiative 
to Accelerate CCUS Deployment.

 To identify and promote potential infrastructure and/or carbon utilization/
storage projects that will help enable low emission coal-based facilities
of the future.
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US/DOE： RCSP（計1MT） CarbonSAFE（目標：50+MT）
 New Reginal Initiative



 Scaling up to Commercial   

2050年に向けて、徐々に拡大するケース

（我が国のCCS導入のあり方に係る調査事業）調査報告書
https://www.meti.go.jp/meti_lib/report/2019FY/000145.pdf

Low-cost ： Capture （随伴ガス、高濃度CO2）
Transport （排出源と貯留サイトの距離）
Storage （モニタリング技術の統合、効果的運用）

Low-risk ： Storage （サイト選定＆評価、自然地震＆微小振動
CO2漏洩・漏出＆環境影響）
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RITE (2006)

RITE (2006)

Source: GCCSI

SRM: CO2 Storage Resources Management（経済性評価込み）

Nakajima and Xue (2019)
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