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Second experiment in
2006: Frio “Blue”

Prior oil production

Frio Brine Pilot Site:
Two Test Intervals

2004 & 2006

Purpose: demonstrate feasibility
and monitoring techniques,
evaluate model predictions

Setting: salt dome flank, Frio
sandstone, 1,500 m depth.

Scope: 1000’s of tons over days

Monitoring: chemistry (tracers),
pressure and temperature, logs,
seismic
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Frio Pilot Injection: Phase Il

- 800 Tons

* Tracer studies: 4 PFT's and two

methanated partitioning tracers
(ORNL)

* Geochemical lab (USGS): aqueous
tracers and in-line pH and cond.

* On-site Gas Chromatograph (UT-PE)

» U-Tube (LBNL): water & gas @
reservoir conditions in both wells, on-

site Mass Spectrometer (SF5, Kr, Xe)
- Cross-well seismic (LBNL); CASSM

- Hosted CSIRO-AUS deuterated
methane tracer test (Otway)

- Visitors: MIT, Battelle, Taisei Corp
(Japan), China Petroleum Corporation



Frio Pilot: cross-Comparison of Multiple Types of Measurements
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Frio | injection — RST in monitor well (updip)
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FRIO Il (2006): CO, Saturation Observed with Cross-well

Modeled vs. Seismic Tomography

Injection Distance (m)
Well IEI 'IP E.’lD
Modeled CO, plume o
Nov 30, 2004 o &
ov = ~
A o
= =
23
a
AL
=
oo
a s
/ o
/‘\01“
_____ = _ Sugrr!a
(NN | -
89 0 0.05 0.1 0.15 02 0.25 03
,Change in Velocjty (km/sec)
-1.0 05 0 0.5

Observation
Wel|

Sigma

Tom Daley and Christine Doughty, LBNL




FRIO Il (2006): CO, Saturation Observed with Cross-well

Modeled vs. Seismic Tomography

Traveltime Response to CO2 Injection

Real time detection using continuous source cross-well seismic
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Short Term Geochemistry

COZ ‘|‘ H 20 <:> H 2C03 Some percentage
dissolves into Brine; Carbonic Acid
H,CO, < H" + HCO,

Aqueous solubility of CO, f(P,T,lonic Strength)

Generally lower at high T & Salinity, and hlgher at elevated pressure
(compete with depth) : N

Reactions with grain coat
minerals




FRIO INJECTION RESULTS

Kharaka et al., Geology, 2006

CO2 breakthrough
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Figure 1. Electrical conductance (EC), pH,
and alkalinity of Frio brine samples from “C”
sandstone of observation well determined
on-site during CO, injection on 4-7 October
2004. Note sharp drop of pH and alkalinity
increase with breakthrough of CO, on 6
October.
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Figure 2. Concentrations of Fe and Mn in
Frio brine from June 2004 to April 2005.
Note sharp increases in metal content dur-
ing 6 October 2004 at time of CO,
breakthrough.



RCSP Phase 2 & 3: SECARB @ Cranfield, MS

Phase 2: EOR Phase 3: Brine

‘WESTCARB @

s Geologic Formation Type
K @ Coalseam

@ oil & Gas bearing
O Saline formation

Terrestrial Project Categorization
]:‘ Agricultural Seils
. Soil Reclamation
. Afforestation/Forest Treatment
D Regional Carbon Budget

. Wetlands Reclamation




SECARB Phase 2 Project: Cranfield Unit, SW Mississippi
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3,000 m depth (10,300 ft)

Gas cap, oil ring, downdip water leg
Original production in 1950’s

Strong water drive

Shut in since 1965

Returned to near initial pressure
CO2-EOR initiated 2008 with coincident
Monitoring in RCSP Phase 2&3
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CoreBox 1

MmN CFU 29 No 12 ol Cranfield Field H-a6977
. Adams County, Mississippi
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Fluvial Depositional Environment

Stratal slicing seismic interpretation
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Problems:

1) Many wells- How Good is
Cement?

2) How will fault in reservoir
perform?

surface

Remaining open
annulus between
rock and casing=
Potential leakage
path for CO, or
displaced brine?
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Injection Rate (mscfd)
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Continuous field data from dedicated monitoring well

INJECTION DATA

1
8
6
.y
2
P

1.01 Jul.15 Jul.29 Aug 12Aug.26 Sep.09Sep.23 Oct.07 Oct.21 Nov.04 Nov.18 Dec.02Dec.16 Dec.30 Jan.13 Jan.27 Feb.10 Feb.24 Mar.10 Mar.24 Apr.07 Apr.21 May.05May.19Jun.02 Jun.16 Jun.30 Jul.14 Jul.28 Aug.1
2008 Bottom Hole Pressures (psia)

\ \ \ \ \ \ \ \ \ \ [ \

| | | | | | | | | | | | L . J T ' ' ' ' ' [ | | | T +

I T R e e L E I

| | | | | | | | 1 | | | | | | | | | | | | | | | | | | | | |

L e i SR et ettty B Rl e iy S el A Fr="r-"—"44-"—-"=ft-—-~-"F-~-"/-—-~- - - -t--~-I--A-=--1t=- - -

| | | | | | | | | | | | I Above-zone Pressure | | | | | | | | | | |
_ | e _ — - - == = e N e S e | - L L ) - L _ _ o | oL L

| o oo | ————~— —— et B it s B i - \

Jul.01 Jul.15 Jul.29 Aug. 12Aug 26 Sep.09Sep.230ct.07 Oct.21 Nov.04 Nov.18 Dec.02Dec.16 Dec.30Jan.13 Jan.27 Feb.10 Feb.24 Mar.10 Mar.24 Apr.07 Apr.21 May.05May.19Jun.02 Jun.16 Jun.30 Jul.14 Jul.28 Aug.11

Delta BHP injection zone (psia)

15000

10000

5000

Rate of Observed Pressure Change in Injection Zone at Monitor Well

P S U

1 ,ﬁ,,,‘

7T777T7"T77T"T"T"T"T"T"T

Injection Rates East of fault

Individual well injection rates

\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \

N R VR SN NG ISV FUUN N S I IO O A i
~ e |k MU A A S R B ‘ |
i \“ R b, =l / Vo P W\V,J,/vﬁ s ‘\,( ) . | = T i
T 1 A0 S S A 6 i . IO Y T O S )

Jul.01 Jul.15 Jul.29 Aug.12Aug.26 Sep.09Sep.23 Oct.07 Oct.21 Nov.04 Nov.18 Dec.02Dec.16 Dec.30Jan.13 Jan.27 Feb.10 Feb.24 Mar.10 Mar.24 Apr.07 Apr.21 May.05May.19Jun.02 Jun.16 Jun.30 Jul.14 Jul.28 Aug.11

x 10
0

5

Cumulative Metric Tons

Jul.01 Jul.15 Jul.29 Aug.12Aug.26 Sep.09Sep.23 Oct.07 Oct.21 Nov.04 Nov.18 Dec.02Dec.16 Dec.30Jan.13 Jan.27 Feb.10 Feb.24 Mar.10 Mar.24 Apr.07 Apr.21 May.05May.19Jun.02 Jun.16 Jun.30 Jul.14 Jul.28 Aug.11

10000

5000

Injection Rates West of fault

Individual well injection rates

\
|
|
T
|
|

,,ﬂ/w—v/

[ y — —

’\W

ATy

e~

|
|
|-
|
i

Jul 01 Jul.15 Jul.29 Aug.12Aug.26 Sep.09Sep.23 Oct.07 Oct.21 Nov.04 Nov.18 Dec.02Dec.16 Dec.30 Jan.13 Jan.27 Feb.10 Feb.24 Mar.10 Mar.24 Apr.07 Apr.21 May.05May.19Jun.02 Jun.16 Jun.30 Jul.14 Jul.28 Aug.11

29-10

— 29-12

25-2
24-2
29-2
48-1

— 297

26-1

— 27-1
— 281

29-4




Continuous field data from dedicated monitoring well

® |arge perturbations related to changes in injection rate obvious
 Serve as proxy for sensitivity of leakage detection

« Even small perturbations observable (100’s tons/day flux from 1 km)
» Fault observed to be sealing (no pressure communication across fault)

Incremental Delta Pressure - injection zone (psi) in the monitoring well EGL#7
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Phase 2 Interim Results

— Old Wells Reasonable Integrity
 No above-zone pressure communication
o ~40 wells — 2 km radius OBS well

— Small leaks should be detectable
« Small pressure changes observable
 Could locate out of zone migration

— Monitoring design implication
e Pressure is change - sensitive

« Detectable change in 100’s ton/day @ 1Km
« <5% gain/loss of contemporaneous total field rate

U ** * * OBS
LI, VEIRL SREL NI

e Ry [ pes

Could use variable responses at different OBS to
triangulate on problem area.



Cranfield Phase 3 Project: Cranfield, MS

3,000 m depth, Inj. Rates 5-10 MMSCFD; December 2009
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Integrated Reservoir Characterization & Performance
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SECARB Phase 3: Anthropogenic Test

 Sequestration Objectives:

« — Build geological and reservoir maps for test
site

e — Conduct reservoir simulations to estimate

injectivity, storage capacity, and long-term fate
of injected CO2

 — Address state/local regulatory and permitting
Issues

« — Foster public education and outreach

 —Inject 125,000 metric tons of CO2 per year for
four years

 — Conduct longer-term monitoring for 3-4 years
post-injection

Anthropogenic CCS Team:

* EPRI Alabama Power

* EPRI's Utility Partners Southern Company
» Advanced Resources International

* Denbury Resources

* Geological Survey of Alabama

*  Mitsubishi Heavv Industries



Need for Parsimonious Monitoring Program in a Mature Industry

“First Bad Thing” concept

o Standardized, dependable, durable instrumentation
reportable measurements

* Possibility of above-background detection:

— Need for a follow-up testing program to assure both
public acceptance and safe operation

* Hierarchical approach:

Not Within  e==p Not within
acceptable acceptable  SiteJoRAnlifeFIE
limits:

limits:
test

L _ J o D
Within acceptable limits: W'ﬂt],'n slceepiElfe i _’l S
continue confinte = ’

presure rom smabdized



Gulf Coast Carbon Center (GCCC)

“;uf Director Scott Tinker GCCC Team: if; R
Coast Sue Hovorka, Tip Meckel, J. P. Nicot, UREAL OF
[E??Q lan Duncan, Becky Smyth, Changbing Yang, Katherine Romanak %g P (EJL ONOMIC
Jiemin Lu, Jong Choi + students C EOLOGY
bp | - -
; cm.‘DE'OH.“"l -L:'rdpfgy EHVIRONMENTAL DEFENSE FUND
___";-h:s_h mergy for fomerrow PN NIAL Dove o

Ex¢tonMobil

=T
% - KINDER/MORGAN h.‘.n_ .
. . 2 ENERGT « WATER - COMMUNITY SERVICES
Taking on the world’s toughest energy challenges!
=) .
N f--s Schiumberger (A Sempra Energy
N RG "y ;

IT'HE UNIVERSITY OF TEXAS AT AUSTIN
'ACKSON A, (a j I
(55 i
— = .___'-..
SCHOOL OF GEOSCIENCES oy I -|'r | i -'['i

N=TL

HATKMMAL ENERGY FTECHROLDGY LABDRATONY




Cranfield
Oil Field

Lowar
Lowar ) Tusczlogosz B
- Sabine Ny
Tuscaloosa it VIESSIVERSHIIG!
Ecjuivalant Urjt
SAMUSIOES;

et




continuous; Pressure Monitorng
tion zone: & eVerlying monitorng zene

J 1.01 Jul. 15 Jul.29Aug. 12Aug. 265 ep.0Bep.230ct.070ct. 2INov.04Nov. 18ec.0Dec. 1@ec. 3Man. 13Jan. 27Feb. 10-eb. 24Mar. 10Mar. 24Apr.07Apr.21IMay. 0May. 19un.02Jun. 16Jun.30Jul. 14 Jul.28Aug. 11Aug.255ep.08ep.220ct.| 060 1 1 | n J ect i O nw el IS

Bottom Hole Pressures (psia)

T T T T 1T T T T T T T T T T T T T T T T T 11 L \ \ . .
o e e S e e S i i e e R mfécthanne f The reservoir pressure has risen over 1200
=y I | | | = 8 77\77\ 7\ _ \77\77\ _ | | | | | | | - - ~1,200 psi | | . . . . .
g T T T T T Overlying Moritoring ione ﬂ‘ ; r f} . T - psiduring the injection, and has leveled off
Jul0l Julis Jul.29 Aug.lZAug25$ep: : : - : : —t = : : : : - lJu|14 JuIZB Augl1Augzssep085ep22 om‘oa due tO hydrocarbon reCOVery.

Rate of Observed Pressure Change in Injection Zone at Monitor Well

e
[
|
—
|
(|
|
\
1
—
|
]

The rate of pressure change in the injection
zone allows gauge sensitivity to be determined.
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The table above captures the magnitude of rate of pressure change and related injection rate metrics 0.020 1 _ - - 14

to assess sensitivity of the monitoring technique. Plot to right shows normalized pressure perturbations ’, /‘

versus amplitude of rate of pressure change, and indicates broadly characteristic pressure response in 0.000 ‘ ‘ ‘ ‘ ‘ ‘ * * *
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Implications for
monitoring
design being
evaluated.




Monitoring Technoloqy: Lessons Learned. 5
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