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N=[urovee  High Level Carbon Storage Program

TLj5SwSv  Goals (Current Goals)

> KAN-BFH-RLIZ (permanently, economically and safely)

» m # [ _E (Improve Reservoir Storage Efficiency)

> BrBE 5 (predict storage capacity within = 30%)

N=2mv  Carbon Storage R&D Challenges

TL TECHNOLOGY
LABORATORY  Storage Infrastructure

» REITFKAR- R AN BR (Safe, Permanent and Cost-effective)

> [l &3 15 BT B (Onshore and Offshore)

> BRRDRICEN-FFE-E=42") /7 Eilf (Cost-effective Integrated Tech)
» COz-EbR & T IEﬁﬁ“ﬂEﬁ (Res;ervoir' Pressure l\lllanag'ement) |

» ¥R EEPA/PO (Effective Public Outreach)
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J.A. White, W. Foxall / International Journal of Greenhouse Gas Control 49 (2016) 413-424

Table 1

Summary of seismicity observations at recent CO; injection operations.

Project Category Monitoring Observations * Seismicity Type" References
design
Aneth C0O3-EOR Borehole Array Magnitudes: M-1.2 to M0.8 Il Rutledge (2010}, Zhou et al.
USA Frequency: 3800 events (2010), Soma and Rutledge
over 1 year. (2013}
M' 1.2 to MOS Two fault-like clusters.
Cogdell CO,-EOR Regional One M4.4 event and 18 I Gan and Frohlich (2013),
USA Network magnitude 3+ events over Davis and Pennington
a 6 year period. No major (1989)
seismicity at nearby,
M4-4; M3+ similar operations.
Weyburn CO;-EOR Borehole Array Magnitudes: M-3 to M-1. I Whittaker et al. {(2011),
Canada Frequency: 100 events White et al. (2011), Verdon
over 7 years. etal.(2010,2011)
M-3 to M-1 Diffuse locations.
Decatur Dedicated Storage Borehole Arrays Magnitudes: M-2 to M1 I Will et al. (2014), Couéslan
USA Surface Stations Frequency: 10,123 events et al. (2014), Kaven et al.
over 1.8 years. (2014, 2015)
Multiple fault-like clusters.
‘ M-2 to M _ \
In Salah Dedicated Storage vt meran f o eay Magnitudes: M-1 to M1. &1 Oye et al. (2013),
Algeria Frequency: 5500 events Goertz-Allmann et al.
over 2 years. (2014), White et al.
M-1 to M1 Indications of fracture (2014b), Verdon et al.

stimulation.

(2015)

* M=moment magnitude,
> Type 1= seismicity concentrated within overpressured zone, Type Il= seismicity outside overpressured zone,

ENENEA., HAHD LS 2> (RUMDMEFFE (location) NEE !




Earthquake and Micro-Earthquake Comparison
(Bt R/ i Bh)

Magnitude Equivalent TNT Energy Comparison
Radiated Energy

+3 480 kilograms Large potash mine eorthquoke
+ 15 kilograms Small potash mine earthguaoke
+1 480 grams 10 ton trucks colide

0 15 grams Jump off a tall buiding
-1 0.5 gram 30-30 rifle bullet
- 15 miligram Drop o lorge dictionary
-3 0.5 miligram Break a small stick

Red=Weyburn CO, injection micro-earthquake sizes




Microseismic Monitoring at Nagaoka Site

Observation well Injection well

Seismic sensor
\\ j 100m _
4 ’l (3C) Protective case  ~5q Antenna
Ground level \ /f

A . .

Impermeable layer . ) é 3C Seismic

(eap rock) | Depth;approximately sensor =

| EIOT it 1100 m . -

—To Recorder

Concrete base
Pavement

RERERBR Y MBS 55/ b B ERA
(CO2EA:2003.7 — 2005.1, $J1 k)
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A Dense Microseismic Monitoring Network @Tomakomai
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<€ Working area of 3D seismic survey

OBC: Ocean Bottom Cable

OBS: Ocean Bottom Seismometer

Google earth B
Tanase, 2015 N
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Microseismicity (M<1) detected by OBC and
Conventional seismometer @ Tomakomai
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SDAR and STA/LTA on OBC data (2015.02-2016.01)

detection rate with distance
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Microseismic Velocity Modeling:
2013 Addition of Anisotropy

Inject, Monitor,

and Model
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<EPA

United States

Environmental Protection  the Injected carbon dioxide stream and displaced fluids, and is based on available site

Agency

Area of review (AoR): The region surrounding the geologic sequestration project where

USDWs may be endangered by the injection activity. The area of review is delineated using
computational modeling that accounts for the physical and chemical properties of all phases of

characterization, monitoring, and operational data as set forth in §146.84.
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Explanation
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wall #1
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o
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Source: Daniel B Stephens & Assaciates, Ine
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Geologic Sequestration
of Carbon Dioxide

Draft Underground Injection
Control (UIC) Program Class
VI Well Area of Review
Evaluation and Corrective
Action Guidance for Owners
and Operators

Figure 3-3: Hypothetical Geologic Sequestration Site: Model Predicted Maximum Pressure
Within the Injection Zone
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Cluster Development in Relation
anvary 1O Pressure Plume

Gas Saturation

2013 L5 :}Z
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f i f:m_/_f_d- Carbon Services

S1. No Flow Barriers

Plume and Pressure Fronts at Decatur, Illinois
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CO:2 Plume Front and Pressure Front
-- Insights from a lalb experiment --

Pump_CO, Pump_back press.
|
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£ aressure vessel ;

B 777 H
T 0

- .- .. il ;‘-J-
/| . I | e 1 /
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e X
M QOptical fiber
measurement tool
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L Zhang et al., 2018 . _
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Doi s10.1029/2018WR023415
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Strain changes (Je)
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Spatial coverage for large monitoring areas: shallow emissions detection

EU
OSPAR | .~ . EUETS
Directive

et 09 Verification of no leakage v v Containment
Q C
w O ™
g % |Leakage detection v v Containment
o @
o
"3.' _g Emissions quantification v v Contingency
o8
E g Environmental impacts v v Other
w E

Testing remedial actions v Contingency
o Migration in overburden v v Containment
S
= Containment integrity v v Containment
£
- g Migration in reservoir v Conformance
@
w © |Performance testing, calibration v v
§ @ |and identification of iregularities Sonmone
—
& Calibration for long-term prediction v Conformance
3
(@] Testing remedial actions v Contingency

» ERISHLT.
Deep-focused Monitoring (Early Warning of Unexpected Migration),

Shallow-focused Monitoring (CO: Leakage Detection)

Emissions: CO, from §
subsurface into sea |

Sea

Leakage: unintended

subsurface CO, migration

Overburden

(Hannis et al., 2017)

Shallow-focussed: To
&Etec-tco_z Ieaag_ein
the sediment or sea bed
emissions — that could
pose a health and safety
threat or environmental
impact.

Deep-chugfed; To give

C =
<

early warning of
unexpected migration —
that could compromise
the greenhouse gas
mitigation function of the
storage.
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