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CO2 Concentration at 137￮E, average of 3-30￮N in January to February
(Japan Metrology Agency)
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(Caldeira and Wickett, 2003)

Prediction of CO2 Concentration in the Ocean



Difference between the predicted concentration of carbonate ion and that 
equilibrium to the solubility of Aragonite in μmol/l, based on the scenario 

of IPCC IS92a, which is 740ppm in 2100 (Orr et al., Nature, 2005)

Prediction of Aragonite Dissolution in 2100



(RITE)

Dissolution of Shell in pCO2 of 2000 ppm



CO2-Calcification Feedback



Morphology of Sea Urchin Larva

control            +500ppm        +1000ppm        +2000ppm      +5000ppm     +10000ppm

(Kurihara, et al. 2002)



0 3 6 9 12 15
60

70

80

90

100

control

1900 ppm

Exposure Time (week)

S
ur

vi
va

l R
at

io
（
％

）

(Ishimatsu, et al. 2005)

Mortality of Shrimps 



Remarks 

Surface Ocean Acidification is argent matter to cope with.
Kyoto Protocol is not enough.

Current possible solution is CCS.



Potential Storage Amount in Japan 

Why Japan Seeks Ocean Storage

Categories of Geological Storage Potential

Oil/Gas Reservoir 3.5Gt CO2

less than 10 km from coastline 2.6Gt CO2

more than 10 km from coastline 2.6Gt CO2

Sub-Seabed Unstructured Aquifer (water depth of less than 200 m) 27.5Gt CO2

Sub-Seabed
Structured
Aquifer

Expected CCS Amount : 1.5 - 4.0GtCO2/year for 2025-2100
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CO2 Emission per GDP in 2050 
is 1/2 of that in 2000

CO2 Emission per GDP in 2050 
is 1/3 of that in 2000 (RITE)



CO2 Storage in Deep Ocean
Prediction of Atmospheric pCO2 Change
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Injection (a) 100% into atmosphere，(b) 50% into ocean (1500m)，
(c) 50% into ocean (4000m), (d) 100% into ocean (1500m),
(e) 100% into ocean (4000m). (Hoffert et al，1977）
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Concept of CO2 Ocean Storage

(RITE)



Method of CO2 Ocean Storage

Ocean Storage

Dissolution Type Lake Type

Moving ShipPipe Line

Liquid CO2

Liquid CO2

(RITE)



(RITE)

Middle Depth ： 1,000m～2,500m
where ρ( LCO2)< ρ(seawater)

injection point

Middle Depth Dissolution



■Acute impact near injection point
• Mortality within a week

■Chronicle impact in storage site
• Decrease of population by inhibition of growth

■Ecological impact in oceanic scale
• Ecological-system alteration through food web

Biological Impact in CO2 Ocean Storage
Possible Risks of Deep-Sea Organisms



LC50 for Exposure Time and pCO2

LC50: lethal concentration for 50% mortality

(RITE）
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■ Obtain LC0.1 by acute mortality 
tests

■ Plot LT0.1 data against 1/T, 
where the intercept of linear 
regression and pCO2 axis gives 
NOEC=+5000 ppm (No 
observed effect concentration)

■ Estimate PNEC=+500 ppm
(Predicted no effect 
concentration) by NOEC/AF 
(Assessment factor), where 
AF=10 based on OECD 
standard

PNEC (Predicted No Effect Concentration) for Deep-Sea Ecosystems

exposure time (h)
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LC50 for deep-sea copepod

LC0.1 for deep-sea copepods

PNEC for whole deep-sea 
organisms 

NOEC for deep-sea copepods
AF=10

(RITE)



Total Injection Rate

From a Nozzle

Number of Nozzles

Nozzle Interval

0.1 tCO2/s

1 kgCO2/s

100

10 m

4 Hours after Injection

exposure time (h)
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PNEC=+500ppm

Near Field LES Model Result

(RITE)



Large-Scale Ocean Model Result

far less than PNEC

(RITE)



Further Research on Biological Impacts

Deep-Sea Ecosystem Model

Physiological Study for Deep-Sea Fish

(RITE)



Although most bacteria are more tolerable to CO2 than plankton, 
microbial loop in deep-sea ecosystem is not completely understood.
There are risks, but manageable by Adaptive Management (decision
making by the cycle of monitoring and risk communication).
Public acceptance is the key for decision making, together with 
continuing to investigate the deep-sea ecosystem.

Public Acceptance of CO2 Ocean Storage
Why Public Acceptance?

1. Quantify the images of Ocean Storage by Covariance 
Structure Analysis of questionnaire results.

2. Extract consent standard and future research targets for 
Ocean Storage by trial of risk communication on web site.



Questionnaire to 180 University Students
海 洋 隔 離 の 概 念海 洋 隔 離 の 概 念

《要点》 CO2(二酸化炭素)の循環を促進させる

「CO2海洋隔離」とは、「大気と海洋間で行われている自然プロセス」を促進さ

せ、大気中の二酸化炭素濃度の上昇抑制を行うアイデア

海 洋 隔 離 の リ ス ク海 洋 隔 離 の リ ス ク

《要点》 生態系へ影響を与える可能性がある

CO2を放出した海域(中深層)に棲む

一部の生物に影響を与える可能性がある

しかし、生態系は食物連鎖により
成り立っているので、
中深層(1000m～2500m)の生態系が

影響を受けただけでも、
生態系全体に影響が出る可能性もある



Benefit Perception and Environmental Ethics have 
larger factor scores to Public Acceptance

Public Acceptance

Risk Perception

Environmental
Ethics

Faith in
Execution Body

Benefit Perception

0.52

-0.33
-0.35

-0.11

-0.34 0.25

0.50 0.40

Covariance Structure Analysis to Questionnaire Result
- Scores of 4 Major Factors to Public Acceptance-



Benefit Recognition

Contribution to Society

Benefit to Society

Benefit to Next Generation

Individual Necessity

Individual Benefit

0.88

0.87

0.86

Environmental
Ethics

Control of the Nature

Unauthorized Activity 

Adjustability to Natural Order

0.91
0.90

0.89

Risk Recognition

Visualisability of Risks

Seriousness of Result

Scientific Knowledge of Risks

Unknown Risks

Safety

Impact on Marine 
Organisms

Impact on Marine 
Environments

0.91

0.82

Confidence to
Execution Body

Ability of the Body

Body itself

Open Information

0.78

0.65

Covariance Structure Analysis to Questionnaire Result
- Loadings of Each Question to 4 Factors -



Virtual Field Experiment

Calculated Mortalities of 
Fish and Zooplankton by Models

Discussion and Voting whether
the experiment should continue or not

Increase CO2 Concentration

Risk Communication
- Virtual Experiment on web Site -



Risk Communication
- Virtual Field Experiment on web Site -



Risk Communication
- Free Discussions on web BBS site -



Risk Communication
- Tree Structure of Discussions on web BBS-
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Risk Communication
- Logic Analysis of Discussions on web BBS-

psppp ≡≡

sdddccdccssps ≡≡≡≡≡≡
cdsdpcssccppc ≡≡≡≡≡≡

dsdpd ≡≡
oooodocosop ≡≡≡≡≡

Axioms

Proof (p) ApB: Argument Unit B is inevitably the truth by Argument Unit A

Support (s) AsB: Argument Unit B is possibly the truth by Argument Unit A

Challenge (c) AcB: Argument Unit B is possibly the false by Argument Unit A

Disproof (d) AdB: Argument Unit B is inevitably the false by Argument Unit A

Others (o) AoB: Argument Unit B does not have logical result by Argument Unit A

Definitions



Risk Communication
- Time Change of AR Distribution -



Concern about ecological impact

Conduct field experiment carefully Impacts are inevitable

PGR：0.20PGR:0.67

PGR:0.36

Risk Communication
- Resultant Two Major Discussion Structures -

Accept storage where biomass is small

Possibility of precious species Expect ecosystem recovery

Careful investigation on ecosystem in the site

PGR:0.60PGR:0.33

PGR:0.64

PGR:0.67



IPCC Montreal: Special Report on CCS (Sept 2005)IPCC Montreal: Special Report on CCS (Sept 2005)
CCS can reduce the cost for mitigation of greenhouse gas effect CCS can reduce the cost for mitigation of greenhouse gas effect in in 
this century by more than 30%this century by more than 30%
If COIf CO22 cost is more than $25cost is more than $25--30/tCO30/tCO22, CCS will be efficient, CCS will be efficient
Geological Storage: Geological Storage: potential of 200potential of 200--2200 GtCO2200 GtCO22

Ocean Storage: Ocean Storage: still on research stagestill on research stage
EU (SubEU (Sub--Seabed, no Ocean), Japan Korea (Ocean), US Australia (SubSeabed, no Ocean), Japan Korea (Ocean), US Australia (Sub--Seabed, Seabed, 
no comment to Ocean), Saudi China (sitting on the fence)no comment to Ocean), Saudi China (sitting on the fence)

Situation Surrounding CCS
CCS in IPCC 



London Convention (LC) London Convention (LC) on the Prevention of Marine on the Prevention of Marine 
Pollution by Dumping of Wastes and Other MatterPollution by Dumping of Wastes and Other Matter

Protocol 1996Protocol 1996
Annex 1: Reverse List Annex 1: Reverse List 
Annex 2: Waste Assess Framework (WAF)Annex 2: Waste Assess Framework (WAF)
Waste Assess Guideline (WAG): not the subject to be ratifiedWaste Assess Guideline (WAG): not the subject to be ratified

Adopted in Nov 2005, Issued in March 2006Adopted in Nov 2005, Issued in March 2006
US, Japan not ratify yetUS, Japan not ratify yet
Japan is preparing for ratification in near future (2007 ?)Japan is preparing for ratification in near future (2007 ?)

Legal Issue - London Dumping Convention



LC26 (Nov 2004)LC26 (Nov 2004)
UK proposed WG for COUK proposed WG for CO22 for Subfor Sub--Seabed GeologicalSeabed Geological

SG28 (May 2005)SG28 (May 2005)
Geological storage should be discussed in LCGeological storage should be discussed in LC
Surface ocean acidification and economical benefitsSurface ocean acidification and economical benefits
Necessity of monitoring for leak riskNecessity of monitoring for leak risk

LC27LC27 (Oct 2005)(Oct 2005)
UK, Australia, France, Norway proposed COUK, Australia, France, Norway proposed CO22 in Reverse Listsin Reverse Lists
Opinion Book by Feb 2006Opinion Book by Feb 2006
Hold WG for CCSHold WG for CCS

Protocol 96 was Issued (March 2006)Protocol 96 was Issued (March 2006)
WG for LC27 (April 2006)WG for LC27 (April 2006)

COCO22 should be in Reverse Listshould be in Reverse List
Discussion on Discussion on COCO22WAF/WAG (WAF/WAG (SubSub--SeaSeabed) with Greenpbed) with Greenpeaceeace

SG29 (May 2006)SG29 (May 2006)
Drafts of revised Reverse List and CODrafts of revised Reverse List and CO22WAF/WAG (WAF/WAG (SubSub--SeaSeabed)bed)

CCS in London Convention



LC28/LP1LC28/LP1 (Oct 2006)(Oct 2006)
Adopt the revision of Reverse List ?Adopt the revision of Reverse List ?

SG30 (May 2007)SG30 (May 2007)
Finalise Draft of Finalise Draft of COCO22WAF/WAG ?WAF/WAG ?

LC29/LP2 (Oct 2007)LC29/LP2 (Oct 2007)
Adopt COAdopt CO22WAF/WAG ?WAF/WAG ?

Future Movement of CCS in LC



till till 20062006 (Phase 2)(Phase 2)
technologies for dilutiontechnologies for dilution
acute and chronic biological impactacute and chronic biological impact
public outreachpublic outreach (stakeholders, academia)(stakeholders, academia)

till till 2012010 (Phase 3)0 (Phase 3)
longlong--term biological impact by benthic and pelagic chambersterm biological impact by benthic and pelagic chambers
smallsmall--scale field experimentscale field experiment (Canada, US, Korea, Norway)(Canada, US, Korea, Norway)
international collaborationsinternational collaborations

till till 20152015 (Phase 4)(Phase 4)
realreal--scale field experimentscale field experiment
international public acceptanceinternational public acceptance
revision of COrevision of CO22WAF/WAG of London ConventionWAF/WAG of London Convention

CO2 Ocean Storage Project of RITE, Sponsored by METI, Japan 

Way to Go



End



Surface Ocean Acidification

(IPCC)



(RITE)

・Storage site: 300kmX100kmX1000m
If well diluted, the increase of pCO2 is 0.67ppm

・Potential amount in the
whole Ocean: 7300GtCO2

・Emission from Japan：
1.4GtCO2/year

・Planned storage amount:
50MtCO2/year

Moving Ship Method



Time Changes of CO2 Emission & Electricity Supply in Japan



100 bill.kWh

46600

55006000

Solar Wind Waist

MＷ

1999          209MW            83MW              900MW

in 2030

in 2030

Estimation of Renewable Energy Supplies in 2030 in Japan
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Calculation of pCO2



Human Risk
Human Health
Social Resources

Ecological Risk
Primary Production
Extinction of Species

Environmental Risk
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