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Much Progress on Carbon Storage, But Uncertainties Remain

> If cost issues lie with capture, risk issues lie with storage
* Questions about scale up, liability, performance

» Current program reflects progress made
« Overall reduction from prior years
 Emphasis on key areas (e.g., geomechanics)
 Emphasis on integration (e.g., NRAP)

Then Now Future
CCS Program Initiated Progress to Date CCS Broad Commercial
(1997) Deployment

Storage R&D e Little known * Knowledge gained and * “Commercial toolbox”
tools being developed developed
and tested
Infrastructure/Field Tests Little known; Sleipner * Increased visibility; * Potential realized;
project initiated Knowledge gained and Frameworks in place for

lessons learned market deployment



Nagaoka Siteh o[ ZE=F A T=H

Well Configuration

at the Reservoir Depth - _ ~
OB-4 Injec. Well * Injec. Period; Jul. 2003~Jan. 2005

» Total amount; 10,400 ton CO,
k. Rate; 20~40 ton/day

CO, Tank
Compressor
4 Pump Lorry
I=tciotclll eI NN

» Reservoir; Haizume Formation \
(Pleistocene Sand)

* Injec. Layer; Zone 2, 12m-thick

» Porosity; 23%

« Permeability; ave. 7mD (Pump-test)

e Conditions; 48°C, 11MPa
— 5




Time-lapse Changes at (1116.0m @0OB-2)

IR YEE)F EIC K HCOEBE=S) T
Breakthrough : o el
' During Injection | — — — |mbIbItIOn
3 I i g/ | | | T

&

Residual Trapping??
- Z M

%K [ i 3

0 B 500 1000 1500 2000 2500 3000
Elapsed day [days]




Formation Fluid Sampling at OB-2

Injectio’n\ Post-injection > Reiistivity
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Saturation

Injectidn :

1108

Resistivity

Post-injection
change

Depth@OB-2 (mMD)
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 Dissolved CO,
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Time since injection started (year)

Index (Sl) of Calcite (CaCO,)

Dissolution €—— —> Precipitation

1112.0m

1118.0m

1119.5m

Calcite shows a tendency of re- precipitate at SlI(Calcite)
2> —2>-> Mineral trapping of CO:?

I1118.0m.



CO2 Trap Mechanisms Confirmed
@Nagaoka Site

R N 100
, S Structural &
. \ stratigraphic
,/ Mobile CO, ' trapping
/ . \
1 (Physical process) \
! . A Residual €O,
I "‘ g trapping
! | 3
I . t
+  Immobile CO, ! 8
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! ! o
\ J L
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\ Dissolved COZ,

\ (Geochemical proce$s)
\

-
Mlnerallzed GfOz S i 10 100 1,000 10,000

(Gbochemlcal process) Time since injection stops (years)
- Image of trapping processes over time (IPCC 2005) o



Rapid carbon mineralization for permanent disposal of anthropogenic
carbon dioxide emissions

Carbonates in rock cores

Published 10 June 2016, Science 352, 1312 (2016)
DOI: 10.1126/science.aad8132
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Pilot > Demo - Practical

2000-
Onshore: 10 kt

2010-

2020-

offshore: >100 kt/y

Nagaoka Pilot Test

(Site : Nagaoka
Reservoir : Saline Aquifer
Formation : Sandstone
Injection : 2003.7~
2005.1
\Total CO2 ;10,400 ton

Tomakomai Large—Scale Demo

Injection site

Practical Use

(1 million t/y)

& SHAEEE

Site : Tomakomai
Reservoir : Saline Aquifer
Formation : Sandstone (shallow),
Volcanic Rocks (deep)
Injection : 2016~2018
\Total CO2 : >300 kt (planned)
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DecaturGkE) : ICCS 7O T ME

EXH I/ IHESH

Illinois Basin Decatur Project

- Large scale geologic test to inject 1.0 million
mt of CO, over a three year period (1,000
MT/day).

lllinois Industrial CCS Project

= Target & demonstrate advanced CCS
technologies at industrial scale facilities.

= Inject and store 1.0 million mt CO, per year
(3,000 tons/day).

= Study the interaction of two separate plumes.

Injection &
Storage

Capture,
Compression,
& Dehydration e

5.0 million mt

2,200 mt/day

ADM Ethanol Plant

Capture, Injection &
Compression, Storage
& Dehydration e

1.0 milion mt

1,100 mt/day |

YLLINOIS

INpusTRIAL CARBON
CaPTURE & STORAGE

| Carbon S ge Partnarahip

Seven (7) Reglonal Partners

84000 868000 85000 BI000 9200

T . -
N — —

ARCHER DANIELS MIDLAND COMPANY 1 5



Decatur ICCS D #kE%: [£ A 1% B R HA ]

Main Challenges ILLINOIS
Alternative PISC Timeframe R —"

Extent of Plume & Saturation Cross Section
January 1, 2030 [SCO: > 1.0%]

 Default PISC is 50 Years

* Applicant allowed to petition for an
alternative timeframe

« ADM Proposed 10 Year PISC

- Reservoir Pressure Decline

- Plume Stabilization -
- CO, Partitioning

. 10 Year Post Injection
Operation . Demonstrate Non-endangerment
Monitoring

2015 2020 2030 SRR SO A bloﬁ ':ﬁﬁ
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DecaturhH oA MERSHH

(Up-Scaling@H #CCS1# 1)

vwe - —" :

T IBDPWells (Series 1) and
ICCSwells (Series 2) at ADM
m Decatur, llhnois

1005k g
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Richland Community College (1" $4H

- DS
ﬂ_ ICCS Injectiony |7

% Class VI permit issued Sep 2014

: '“,-r,:li; =L _'-EL;' i '
P - m

\ . o
i

4

’——~

")

Baffle

" IBDP Injection ¢ #91005 k> /3FHE (EAET)

Z Y o - | "
RATE - ER G A .

94




QUESTZAa D E (1/3)

- A
‘/ ﬁ%ﬁ_ O w | Drilled Injection Wells N
v 3% (pipeline) | =
v ﬁ?g Thorhild | S i /// |

Y ¢
ot

A@ﬁﬁ'
{
1

71—4)1’-&-/FE&E Redwater N :
. o / = Mo \!<— CO, Pipeline ﬁ [EAF: 3*
ll& B 7 (EHHH)
Yo et J—1
™ , .‘) : [r“ |'— Brudetheim
-

4l Lamont ] W—W&MMVF‘HE
certified
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QUESTZ7a> I DEEE (3/3)

MMV: Measurement, Monitoring and Verification Plan

—-—— p——— -——

RN RN - S\
( Baseline » ( |n[ech0n 7 ( Closure Y
Afmosphere = == LihtSeures (e CO2 Monitoring S—=-
Eddy Covariance Flux Monitoring 7
Biosphere CO2 Natural Tracer Monitoring (bqsed on |SO Sfdndqrd)
CO2 Flux and Soil Gas

<—— Remote Sensing (Brine & NDVI)

Shell Groundwater Wells; Continuous EC, pH

Hyclro sphere Discrete Chemical and Isotopic Analysis on water and gas

Private Landowner Groundwater Wells (discrete chemistry and Isotopes on water and gas) - First 0] f a kl n d -
Geosphere 2 Time-Lapse Walkaway VSP Surveys conservative a pproqch
Time-Lapse 3D Surface Seismic .
InSAR * Comprehensive: from
Dee
. P_ Downhole Pressure & Temperature (DHPT) above Storage Complex (CKLK Fm) Gtmos here 1-0 geosphere
Monitoring -——
. . . . . ’ \
Well Downhole Microseismic Monitoring .
el * Risk-based ™,
Injection Rate Metering, RST Logging, Temperature logging ! /
Iniection DHPT, Well Head PT, Distributed Temperature and Acoustic Sensing, o \S| te- SpeC | f| C
I I Annulus Pressure Monitoring, Wellnead CO2 Sensor, Mechanical Well Integrity Testing, S =
Wells Operational Integrity Assurance °

Independently reviewed
CBL, USIT

2015 2020 2025 2030 2035 2040 2045 20 e Combinqﬁon oF new cmcl

Time (years)

traditional technologies

* Baseline data collected

CO53 7 %l before start-up

(MEETILZERWN=RESSaL—3Y)
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EAREEEI AT L (ATLS) DFHFE

KEY’T’? éT.fNS: ! f:-,j-.\,D’ecatur Seismic Stations Decatur &0) E *CCST;;J jJ @%*ﬁﬁ
(EABEMIZ&>T, HUMEBIZEEHDH)

H/INIRKRERL SR EORFBTES
(BROKXBEREAY AR ER)

A Onshore
= seismometer :
F - \‘ " t‘.# -.'/
2 P A

o @ g =

2 March 1937, M 4.5 2

’ 7 2o 1 Working area of

7
J 1875 M 4.2 *
o 5 =
I [ 2 y S . .
OTErEan . ; 3D seismic

~ K
g
survey

ATLS: Advanced Traffic Light System 26
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@ It is of critical importance that fluid injection-induced seismicity be better
understood so that any potential hazards can be mitigated.

(1) the site-specific factors which can lead to induced seismicity,
e.g., why some wells trigger earthquakes and the vast majority do not;

(2) how to predict the maximum magnitudes and rates of potential induced
seismicity;

(3) how can fluid injection-induced earthquakes be controlled;
(4) how to estimate the hazards posed by induced earthquakes;

(5) how to mitigate the impacts of induced earthquakes.

One approach for direct mitigation of induced seismicity is
a calibrated control system, dubbed the “traffic light” system.

27
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QUEST 7Oz I MIH T4 B EEE M
(B A FEETE)

Uncartainty

m Insuffident permeability — will only become apparent with the well has

m Insuffident connedtivity — the further away the greater the exposure to

been drilled
thisrisk
ATREDREE (|

£ ATE) It

HE Bl % (23 BA

RrRBRBOERME EIFELYIRIICE NS
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& Well-4 (Pumping) i pumpingat el 480 |/min

— — P UMPINg at Well 4

seadmmestat () y
175m Z
E | 50
| 'Well-1 (Fiber sensor) s
. Wells2 (Water level) 3 1100
: ' e 2
' — -150
= § !
2 5 5 = £-200
- é _E:
3 Z 250
]
=% Googleearth ,‘
o S Hey : — 11/01 11/05 11/09 11113 1118
) Kakinokidai
5 B AR .
Well-3 Well-2  Well-1(Fiber sensor) Well-4 o
m
. . - 50
Kasamori formation _
Pumping (shaly fine sandstone, T Pumping
480 1/min sandy mudstone) 480 1/min | 100
— L 150
Chonan formation
(alternation of sand > mud) - 200
““Chonan formation B - 250
(alternation of sand <mud) .. . )
Kakinokidai formation| |
o (fine sand) 30

300



5000 : :
= Water volume extracted from well #3: (m3)
na )__,—. =} i =} =) =i T . =) ) T
N’ 0 B
o Water volume extracted from well #4:(m3)
W - —
uw Water level @well #4:(m)
- Water level @an observation well (m)
I
10 Stralnsgop &‘BTM of Reservoir
~— O . 'q:?“!“ s R e u14_4((.1:fcglﬂ!.“.(.‘!.ll““!i‘!!&“““'—‘v'ﬂ'5""'E"-n‘“ P e e TR e
: o NS Q?@@:@mﬂim%@&m . e B —
) ‘ - gy T RS
~ % . I,mfmm
g 20 \- < 55 gl ses  129.0m
‘= 10 3 R oce 168.5m
% . oco  195.0m
::2 Strains in Rgservoir s :: g;g?:
11/1 0:00 11/3 0:00 11/5 0:00 11/7 0:00 11/9 0:00 11/11 0:00 11/13 0:00 11/15 0:00

BKEBRE, I7M/\—IZE-oTHIESII-
Hh & 2= 2 O — 45

(Xue and Hashimoto, 2016)
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BKEERBFFDMMBERERNRET S
SH AN H R B (, a

Om % , s 3_ :EII
g _;_: 4! N /T :[j_lﬂczﬂ.l] 0.001 Pa*s, Ib T
T;. g’ :}T)_znlj(:)(;l::;[icﬁ 3.9x107 Pa’) R
2 L-1 = 5 S g %
e A % -8 R
3 AN - p—280m VT30, Well-4 S 10 ~ 7K
oV ’/Well-ii ; ) _/._fﬁ’\m____k/ﬂt ~romTN %:é: 13'[
5 E -10] 4, USSR e % .
% *;: 220 ‘ Y (I)(:”l;ur\-cd & $77:
% : ; -30 1"' ........ ;}:ziﬁnfl.-l 0) \E_/
E' __f(i \\T\j ———==-Simulated E-L‘j-\t t
Kakinokidsi | _ 4 0% 8 16 24 32 40
. Time, day
HEETIL
Table 1. Major hydraulic and mechanical properties
Property L-1 L-2e L-2w L3 L4
Bulk modulus, (GPa) 0.4 0.6 0.6 0.7 0.6
Shear modulus, (GPa) 0.23 0.35 0.35 0.4 0.3
Pore compressibility (8,,), x10Pa’! 2.5 3.9 12 2.5 2.5
Biot's coefficient 1.0 1.0 1.0 1.0 1.0
Ini. Perm.(k0), (mD) 0.02 360 1200 10 1
, K=Ky(1+ BAs,) 100 100 100 100 100
B 0 A%
Porosity 0.15 0.43 0.15 0.15 0.15

(Lei, Xue and Hashimoto, #&#5 %.%)
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HIT7A7\- (R2v436[H) HKIT7A7\- (R2v436[H])
MEERE ESLERBE®R

?Fﬁ?(ms); = - - 809ms

DA THY (REY1[E)
5 FHl(ms)

5 g g g s 800ms

= ES 1 z i = %

e, B > L i *Band pass filter i
WA S == (10/20-100/125Hz) == (10/20-100/125Hz2)
% = _—:.' == ——2a=p - = = 9\\'{/ {_D‘Exg\ya

e - i i

W
_ ’u!

i
i

“|P'

'
N

840m-—

(Xue and Hashimoto, ##EF2&) e 33
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Quest CCS Project
Capacity Risk and Uncertainty Review

Project

Document Title

Document Number

Document Revision

Document Stat
Document Typ
QOwner / Auth
Issue Date
Expiry Date
ECCN

Security Class
Disclosure

Revision History !

Quest CCS Project

Capacity Risk and Uncertainty Review

07-3-AA-6619-0001
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Quest CCS Project
Containment Risk and Uncertainty Review

Project

Document Title

Document Number

Document Revision

Document Status
Document Type
Owner / Author
Issue Date
Expiry Date
ECCN

Security Classific
Disclosure

Revision History she

Threats

Figure 3-1

Quest CCS Project

Centainment Risk and Uncertainty Review
07-3-AA-6619-0004
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Schematic Diagram of the Bowtie Method
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National Risk Assessment Partnership

Leveraging DOE’s competency in science-based prediction for engineered-
natural systems to build confidence in the business case for CO, storage.

Building toolsets and the calibration & validation data to quantify ...
* Potential impacts related to release of CO, or brine from the storage reservoir
* Potential geomechanical impacts due to injection of CO,

Technical Team

-~

N=TL creersd]

il
Regional University Alliance

BERKELEY LAB

L

» Los Alamos
NATIONAL LABORATORY
EST.1943

Pacific
qu;hwest

LABORATORY

1: a: AMERICAN
ELECTRIC
POWER

ExgonMobil " &’leaghg

UNIVERSITY
THE
UNIVERSITY
OF UTAH

Stakeholder Group

bp

y e e ) Linitgs Stat
@ Blue Source il ; \--,Em;;ﬁ:v::.‘..m-w.,u

1"m‘
IEc

GTHERN ST,

o &g
Q‘:Dc Schiumberger 2 ‘

»*
ENERGy BOAR®

| Texas Railroad
MBS Commission

Wade, LLC

#@ ZURICH"

WHITING Because change happenz

37



NRAP tools D & Hh ENDiE AR5
NRAP Approach

Assessing risks and quantifying uncertainties to remove barriers to full-scale geologic CO; storage deployment
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Risk =Consequence Severity x Probability

Scientific Knowledge 8 Evidence-based Risk Communication

."l:’ Pressure recovery
o : Secondary trapping mechanisms
i - - .. - Confidence in predictive models :
2 s E ~ ~ 5 :
= < : ~ i
4 s S ;
/ : S :
: N :
// : N :
E N :
P £ 5 N
s ; N
Injection Injection 2 xInjection 3 % Injection n x Injaction
begins ends period period pericd

[llustration source: Benson, 2007]

Reducing Uncertainty~Mitigating Risks

to the Manageable Levels ! o
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