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SECARB Partnership Objectives

e Phase I: Characterization
- Describe CO, sources, sinks and transport requirements
- Develop outreach plan
- Conduct risk and environmental assessments
- Review permitting and regulatory requirements

- Establish measurement, monitoring and
verification protocols

- Establish accounting
frameworks
(including Section
1605(b) of EPACt)
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SECARB Partnership Objectives

Phase Il: Implementation

Further characterize the potential carbon sequestration sinks in
the Southeast;

Conduct three field verification studies in some of the most
promising geologic formations in the region;

Advance the state of the art in monitoring, measurement and
verification techniques and instrumentation; and

Develop sequestration technologies and characterize geologic
sinks for future readiness.

Coal Seam Projsct
Host Company: CNX Gas
Russell County, Virginia

L

Coal Seam Project
}4 Host Company: Dominion
I,_H ' near Tuscaloosa, Alabama

——3

Stacked Storage Project ;
Cranfield Test Site Mississippi Test Site
Southwest Mississippi Mississippi Power's Plant Daniel
near Escatawpa, Mississippi



SECARB Partnership Objectives

Phase Ill: Demonstration

Characterize the potential carbon sequestration sinks in the
Southeast;

Conduct field verification studies in the most promising geologic
formations in the region;

Advance the state of the art in monitoring, measurement and
verification technigues and instrumentation; and

Develop sequestration technologies and
characterize geologic sinks
for future readiness.




CO2 Sources of the®




SECARB Regional and National Involvement

Regional Involvement: 100+ Participants

e Member States (Executive, Legislative and Regulatory)
e Industry and Electric Utilities

e Universities and National Laboratories

e NGOs and Trade Associations

National Involvement in RCSP Working Groups

e Storage
e MMV
e QOutreach and Education
v e Regulatory
%L e Modeling
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Power Generation Capacity and CO, Emissions

by Fuel and State (2004)
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Geographic Focus of SECARB Phase Ill Program
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Site Selection for SECARB Phase Il Early Test

e Large volumes of low-cost CO, available 2008
- Denbury Sonat pipeline
e Well-known geologic environment in saline aquifer
- injectivity and seal are demonstrated
- 3-D seismic available
e Mineral and surface rights available in short time
- Minerals rights owned by Denbury

- Surface ownership well known and owners likely
to welcome monitoring for standard use fee

e Permitting streamlined
- EQ similar to Phase Il EQ

rﬁ?
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Cranfield Program Overview
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SECARB Phase Ill Anthropogenic Test

e Unique opportunity to demonstrate storage and MMV at a coal
coal-fired power plant

- Seek to transfer lessons learned from Cranfield test and apply
lessons learned at a power plant site

- Will help determine appropriate MMV techniques and protocols as
they apply to a power plant site (what works/what doesn't)

- Defines business and legal issues that make a power plant site
unique, i.e., demonstration in light of electrical reliability and cost
of commercialization

e Appropriately planned and implemented MMV is the pathway to
public acceptance. This is a high priority for SECARB at a coal-
fired power plant as it will:

: - Assure operator & public safety (often the same)
- Support regulatory and institutional framework and public
: outreach

- Support long-term management, liability, and compliance
considerations

N=TL - Help address siting criteria for future CCS coal-fired power plants

: - Support utility owner’s engineer understanding




The Lower Tuscaloosa Massive Sand Unit and
Equivalent Sandstones

Cranfield
Qil Field
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Lower T. Massive Sand

ldentifying Flow Units and Shale Baffles

Tuscaloosa (Massive Sand Unit) and Lower Cretaceous Sands
.

‘ 2305920003
e om0 Bottom of
6o ad 1 T000.3 é—Ovl +— MaSSiVe Sand
a1 "‘\’> :
i i <+— Shale
Pt =4 : Q_ [ [
LK ] Sand7 (5 EHS K H  Sand
RN i T <—Shale
il i O fH HH  Sand
LA - <+ Shale 6 === SE=SS
R o T <—Shale
TSy = Sand 6 0 B HHH
il <«— Shale 5 _5 i H ,E Sand
,4,,,8 S Sand 5 = ! = EmEYE
g 0 e @ i HEH o Shale e Type log for the prer
1 —sand 4 gl S S Tuscaloosa Massive Sand
il -~ <«— Shale 3 © [ HHH an :
IS ANRNII N s aE e Unit and Lower Cretaceous
TR o Sand 3 5 4 ey Shal D ler E ins
L i < [t € Shale antzler Fm. in S.
] “Tshale2 | = g .
iy H sand 2 o % I Mississippi.
LT T H | Sand o
T sandT Shale 1 § i it e Characterization of the type
[l Jofiiis oz Shale log shows multiple flow
Bottom of Massive Sand 8 P: i FSShaé:e units and shale breaks over
] = [ an .
5 RS i a 1,300 ft interval.
2 s
S (e <«—Shale
§ 58% Ee
B P sand
in ENESE




Optimizing and Concentrating CO, Storage

Extent of the CO, Plume Extent of the CO, Plume
(4 years of CO, injection @ 250,000 mt/yr; 10 years of time)

(4 years of CO, injection @ 100,000 mt/yr; 10 years of time)

N R 250,000 mt/yr.
w/no baffels

B 100,000 mtyr. S
= W/ no baffels

R ¢
Lg "1

4,300 ft g"h

© 100,000 mthyr.
w/ baffels

250,000 mtiyr.
w/baffels

Extensive use of reservoir architecture reduces the

Extensive use of reservoir architecture
areal extent of the CO, plume by 90%.

increases CO, storage by nearly 10 fold.



SECARB Phase Ill MMV Goals

o Demonstrate that geologic storage of CO, is _
environmentally safe with public acceptance of science-
based monitoring protocols

e Demonstrate protocols capable of surveying large areas
and identifying seepage over project life cycle

e Understand the relationship between site
characterization, storage mechanisms, and leakage

e Validate and calibrate model predictions and monitoring
tools for fate and transport

e Transfer knowledge and technologies:
- lessons learned from Phase Il to Phase Il

~ unique opportunity to deploy MMV at a coal-fired
power plant

AN F

Brian Strazis
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Glen Thompsaon — Praxair Tracer Research Division (PFTs)




CoalFleet Program Update and Workshops Kingsport, TN
July 26-28, 2005

Update on SECARB Modeling I Phase || SECARB Test Sites
Activities at Cranfield, MS

Jean-Philippe Nicot, Jong-Won Choi, K.-Won Chang,
Tip Meckel, Ramon Trevino, and Susan Hovorka

Gulf Coast Carbon Center
Bureau of Economic Geology
Jackson School of Geosciences
The University of Texas at Austin

presented by JP Nicot

RCSP Simulation and Risk Assessment Working Group Meeting
Pittsburgh, PA - October 8, 2008

IGqu Coast Stacked Storage Project Test Site]
Cranfield, MS — Phase Il and Phase llI

Bureau of Economic Geology Bureau of Economic Geology

Denbury specializes in CO, Floods

Tennessee

Oklahoma Arkansas

Georgia

Mississippi Alabama

INTERIOR SALH
BASIN PROVINGE

Depleted abandoned O&G field
Currently under CO, flood
Depth of ~10,000 ft

4-way anticline

Florida

]
Wells shown only in
Tuscaloosa-Woodbine

Modeling Overview

Bureau of Economic Geology

*Deep subsurface Modeling: II ml( % compUTER
— Phase Il (validation): i;c= 00 1o,

« fluid flow modeling with CMG-GEM

« risk assessment handled by EOR operator (in
commercial/financial context, and not available to partnerships)

— Phase Il (deployment):
¢ fluid flow modeling with CMG-GEM

« flow/thermal/geomechanical modeling using CMG-STARS,
loosely coupled with CMG-GEM results

« risk assessment with “Certification Framework” developed by
LBL/UT

« Shallow subsurface modeling (Phase IlI)
« fluid flow coupled with reactive transport: TOUGHREACT

5

Bureau of Economic Geology
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CoalFleet Program Update and Workshops

Kingsport, TN
July 26-28, 2005

Available Data

Bureau of Economic Geology

*1966 summary paper:
— Oil and gas composition and other PVT data

— Overall oil (~38 MMbbl) and gas (~0.7 Tcf including
reinjection) production, water cut (from ~0 to ~100%)

— OOIP =114 MMbbl + 24 MMbbl condensate
— OGIP =0.34 Tcf gas cap + 0.12 Tcf solution gas
— Some relative permeability data

— Average permeability (280 md), porosity (0.255), average
water saturation (0.473?)

— Operational history

Weaver and Anderson, 1966, US Department of Interior Bureau of Mines and
Interstate Oil and Gas Compact Commission, Monograph 13, p.42-58
3
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QOil/Gas Composition

*Black oil vs. compositional model

Bureau of Economic Geology

Component Gas Cap Oil Rim Gas Liberated
(Mole Fraction)  (Mole Fraction)  (Mole Fraction)
Carbon dioxide 2.81% 1.84% 2.71%
Methane 79.90% 53.76% 80.60%
Ethane 6.49% 7.17% 10.30%
Propane 2.75% 3.34% 3.71%
Iso-butane 0.62% 1.04% 0.78%
Normal butane 1.03% 1.58% 0.97%
Iso-pentane 0.63% 1.23% 0.34%
Normal Pentane 0.47% 0.95% 0.22%
Hexane 1.17% 2.48% 0.27%
Hexane plus 4.13% 26.61% 0.10%

Available Data

Schiumbergep

Bureau of Economic Geology

«Individual production of most wells (IHS)

«Data integrated in PETREL -
— 3D-seismic
— New and old well logs: structure, porosity, water
saturation

— 100’s sidewall cores plugs
— Petrographic analyses

»Upscaled and exported into 500x500 ft2
41x28%16 GEM grid

*Regular weekly updates on rate and pressure
from Denbury operations

12

Name p.2




CoalFleet Program Update and Workshops Kingsport, TN
July 26-28, 2005
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i i - Monitor pressure to understand
1 i - fluid displacement
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Modeling Approach 1

Bureau of Economic Geology

*Goals:

— Understand system

— Ability to make predictions
*Objectives:

— Reproduce production history in the general sense

— Reproduce CO, injection monitoring data

— Understand pressure variations in and above inj. Fm.
*General history match:

— Initial flow parameters

« Rock types

« Permeability, porosity, water saturation
« Boundary conditions

17
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CoalFleet Program Update and Workshops

Modeling Approach 2

»General history match (continued)
— Initial conditions:
« w/o and o/g contacts at right locations
« acceptable material balance for oil and gas originally in place
— Sensitivity analysis on critical parameters:

« Oil/gas composition; relative permeability end points; flow
barrier

— Reproduce general production and water cut history
« Produce oil
« Produce gas
« Mimic water drive, back to hydrostatic pressure

Bureau of Economic Geology

Kingsport, TN
July 26-28, 2005

Of Saturaion 2000-01-01

Gas Saturation 2000-01-01

Water Saturation 2000-01-01

Porosity 2000-01-01

Permeatiity | (md) 2000-01-01
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CoalFleet Program Update and Workshops Kingsport, TN
July 26-28, 2005

I Porosity/permeability transform I

Relative permeability Modeling steps

Bureau of Economic Geology Bureau of Economic Geology

. ‘Waterol 1 — 100 « Qil production with pressure maintenance
- ‘ . *Gas cap blow down
! < Natural water drive and pressure buildup
‘h\ *CO, injection and calibration
*CO, breakthrough and pressure history prediction
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I Location of CO, injection wells and I il Mok Frastan(C02) 7350.01.51

monitoring well

Bureau of Economic Geology FFUB_1_jeetsen
|

I 12 months after start of injection —
no production

Bureau of Economic Geology Bureau of Economic Geology

2 months after start of injection
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CoalFleet Program Update and Workshops Kingsport, TN
July 26-28, 2005

I 10 years after start of injection — I

; Some pressure results
no production

Bureau of Economic Geology Bureau of Economic Geology

CFU 263 (Prodi0)
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Date

Bureau of Economic Geology Bureau of Economic Geology

*Will be formally done according to the “Certification

Future deep subsurface modeling work Risk Assessment

« Stochastic analysis of heterogeneity within Framework” approach
PETREL; upscaled models exported to GEM «Eavorable factors:
*Revisit Phase Ill area stratigraphic structure — Deep formation, multiple seals
« Continuing history matching — Pressure attenuation owing to compressibility of residual

oil and gas

— Oil production, no large pressure buildup
— Pressure depletion in overlying Wilcox
— Improved dissolution because of residual oil (Tus., Wilcox)
— Experienced operating company

*Possible weaknesses:
— Multiple well penetrations from the 40’s to 60’s
— Possible fault but attenuated upwards

» Develop geomechanical model

l.-.-:-'!‘?'f"
l.-.-:-'!‘?'f"

QUESTIONS?

Denbury Onshore, LLC.

CRANFIELD FIELD
CFU 29-12
API# 23-001-23342-0000
ADAMS COUNTY, MS

SEC. 29-T7N-R1W
EMER: 601-249-4143
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CoalFleet Program Update and Workshops Kingsport, TN
July 26-28, 2005
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Southeast Regional Carbon Sequestration
Partnership Phase Ill Update

Partnerships
Annual Review Meeting

Pittsburgh, Pennsylvania
November 18, 2009

Gerald R. Hill, Ph.D.

Regional Carbon Sequestration

SSEB Technical Coordinator

Phase Il Geographic Region &
Field Test Site Locations

Anthropogenic Test

Alabama Power Blanit Bany

( Alabarria)

Denbury Resgiitces’
Citronellg: Efeld

Hrees’ Cranfiel
din Counties, Mi

Acknowledgements

e This material is based upon work supported by
the U.S. Department of Energy National
Energy Technology Laboratory.

e Cost share and research support provided by
SECARB/SSEB Carbon Management
Partners
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Continued
Characterization
During 2009 and 2010
Assessments will be
conducted in the Gulf of
Mexico, South Georgia
Basin and along the
Carolina coast.

SECARB Phase Ill Projects - Overview

e Phase lll Early Test: Large volume saline injection “down-
dip” of EOR activity at Cranfield Unit — 1.5 million tonne
injection started in April 2009

e Phase Ill Anthropogenic Test: Large volume saline
: injection with power plant capture & separation source —

125,000 metric tons per year for 4 years — with injection
@g Starting FY2011

SECARB Early Large Volume Injection Test:

Cranfield Unit operated by Denbury Resources Inc
Depth >10,300 ft
Injection Zone — lower Tuscaloosa Formation
Injection rate>1 Million Tones per year




Gulf Coast

Cranfield Research Tean-‘n Carbon Center

Management of

SECARB University of Texas JCo ¥ :
& at Austin | Caon Entergy  pgra )
=TL e

Sandia Technologies LLC m

Project Managemeni #-

Gerald Hill Schlumberger Carbon '
Bruce Lani/Bruce Brown Services @ = m

Other SECARB tests

LBNL LLBL USGS ORNL
®
U Mississippi

Miss State

SECARB coal seam tests SECARB Power Plant tests I! =
Geological Survey of Alabama EPRI Luminant
Virginia Tech Southern Co
ARI
B
A Injector

©  Monitoring Point
(producer)
[0 Observation Well

DAS  Detailed Area of
Study

HiVIT  High Volume
Injection Test

GMT  GeoMechanical
Test

P-Area Pits, Pad, Plants

EOR  Enhanced Oil
Recovery

DAS: Detailed Area of Study

Tuscaloosa
mud-rock
seal

Scientific and Technical Objectives & Benefits

Objective Anticipated Benefit

EOR- Pressure based in-zone &

Technique development for EOR

Injection Progress

| 2007 | 2008 | 2009

Increase DA!

Phase Il
Start Phase Il Injection

July 14, 2008
Start DAS injection Dec 1. 2009 [

Start GMT injection Oct 2009

1,000,000 tons
Aug 2009

Start Phase Il injection HiVIT April, 200!

DAS: Detailed Area of Study

Cab.lgs for real time read-out,
On dewn-hole instruments

Installation of
Instrument string
In CFU31-F3

L Ty




GMT: GeoMechanical Test

-
One injector R L __'
One observation well (future producer)

Pinnacle Tech. Clamped in- receiver string
Real-time uplink
Injection Oct — Dec 2009

Bessaissasdes
Tool string

i T
NS G | WY S I S e U S
B Tt i : B s aaissande

Pressure Monitoring EOR

“P” Area: Plants, Pad, Pit

Soil Gas Well Baseline soil gas after rain

Weather
station to
assess
natural
variability

Anthropogenic Test

Power Plant

e Purpose: Locate suitable
geological sequestration sites in
proximity to the 25 MW MHI
post-combustion CO, capture
pilot at Plant Barry and inject
CO,

- One of the first integrated
capture, transport and
storage demonstration
projects on an existing coal-
fired power plant in the U.S.

Sequestration Target: Lower
Cretaceous Gulf Coast saline
reservoirs with high CO, storage
capacity and injectivity

Caprock

FY2009 Activities: Phase Ill Anthropogenic Test

e Capture technology announced in May 2009
e Site hosts announced in May 2009
- Plant Barry: CO, Source
- Denbury Resources: CO, injection at Citronelle Field
e CXreceived in August 2009 for site characterization at
Citronelle Field
UIC permit application preparation underway
Detailed geologic assessment underway
Reservoir simulations began/ongoing
Data collection for EIVs underway
Regular coordination/planning meetings with ADEM

Regular Anthropogenic Test team meetings and
conference calls

Anthropogenic Test

e Sequestration Objectives:
- Build geological and reservoir maps for test site

- Conduct reservoir simulations to estimate injectivity, storage
capacity, and long-term fate of injected CO,

- Address state/local regulatory and permitting issues

- Foster public education and outreach

- Inject 125,000 metric tons of CO, per year for four years
Conduct longer-term monitoring for 3-4 years post-injection

; Anthropogenic CCS Team:
=TL EPRI Alabama Power
:  EPRI’s Udlity Partners Southern Company
Ady d R I jonal Denbury Resources
Geological Survey of Alabama Mitsubishi Heavy Industries




Capture Unit at Alabama Power’s Plant Barry

MHI advanced amine
capture unit
« 25 MW post combustion slip
stream

« Fabricate off-site and barge to
Plant Barry

i« Compress CO, to 2000 psi
« Scheduled start up First
Quarter, FY2011

« Separately funded; CO,
provided to SECARB for
sequestration at Citronelle
Field

CO, Transportation from Plant Barry to Citronelle Field

~10 mile 7 e o e
pipeline, e -

separately B | ; pra
planned and w [} d

financed by ;
Denbury
Resources .- i .

125TPYof s ° =8
pipeline 3
capacity for [
SECARB
Phase Ill CO,

Model 3-D View: Citronelle Field Phase Il Injection Site

Injector

(location of D9-7)

e 17 sand bodies from
geological model

e Average
permeability of 88
mD

e Average porosity of
19.3%

o Identical
permeability and
porosity in all layers

Simplified CO, Scrubbing Process (Amine)

Treated Fie Gav{ | Captured €Oy

(Puriry 90.044)

FLUE GAS
COOLER 2~

< E W DO

B >
:
B
B

Key Points: needs >89% S0, ; p steam

Geologic Overview for Plant Barry and Citronelle Field

Proposed sequestration siteis  —
on the southeast flank of the —
Citronelle Dome =

« Proven four-way closure = =

« No evidence of faulting or = = —
fracturing

« Multiple confining units between =
potential injection targets and = ==
base of USDW = 2=

* However, historic oil and gas
wells and a lack of local
characterization of saline

reservoirs presents challenges

Expected Reservoir Intersection Depths at Citronelle
Interval
Anticipated Depth Thickness
Formation Tops Feet Feet
Bottom of Fresh Water (<1,000 mg/l) ~1,000 1,000
Bottom of Potable Water (<10,000 mg/l) Max ~ 2,000 1,000
Selma Chalk Group 4,550 1,150
Eutaw Group 5,700 300
Upper Tuscaloosa Formation 6,000 700
Marine Tuscaloosa Formation 6,700 250
Lower Tuscaloosa Formation 6,950 300
Washita-Fredericksburg Undifferentiated 7,250 2,150
Paluxy Formation 9,400 1,100
Mooringsport Formation 10,500 250
Ferry Lake Anhydrite 10,750 200
Rodessa Formation (oil reservoir) 10,950 -




Gerald R. Hill, Ph.D.
SECARB Technical Coordinator
hill@sseb.org

Southern States Energy Board
6325 Amherst Court
Norcross, Georgia 30092 USA
Phone: (770) 242-7712
www.sseb.org
www.secarbon.org




Southeast Regional Carbon
Sequestration Partnership (SECARB)

U.S. Regional Partnerships
From Pilot to Demonstration

Capture and Geological Storage of
CO, — Accelerating Deployment

3" International Symposium
5 November, 2009

Gerald R. Hill, Ph.D.
SECARB Technical Coordinator



Infrastructure | Global

Collaborations

] Solutions
—
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IAM Regional Carbon Sequestration .
s d Partnerships W}}ﬁ No r;.l"l:: 'I:::;:;a:::rgy l
Characterization l
Validation l

Development I

Carbon Sequestration
Leadership Forum |
International
Demonstration Projects I

LL:;:::; ( Asian-Pacific

~ Lesson: Other Large-Scale Projects = Partnership (APP)
- Learned . '
— =
Benefits \ Benefits \ Benefits \
+ Reduced cost of CCS « Human capital . « Knowledge building
« Tool development for risk « Stakeholder networking - Project development
assessment and mitigation « Requlatory policy development « Collaborative international
+ Accuracy/monitaring quantified + Visualization knowledge center knowle dge
« Capacity validation . Best practices « Capacity/model validation
+ Indirect storage « Public outreach and education « CCScommercial deployment

Demonstration and Commercialization
Carbon Capture and Sequestration (CCS)

N : I

NATIONAL ENSRGY TECHNOLOGY LASORATORY



Regional Carbon Sequestration Partnerships

* Engage regional, state, and local governments

* Determine regional sequestration benefits

* Baseline region for sources and sinks

* Establish monitoring and verification protocols

"« Address regulatory, environmental, and outreach issues
* Validate sequestration technology and infrastructure

» 7 Regional Part
* 43 States, 4 Canadia
e 350+ distinct organiza

- I

Developing the Infrastructure for Wide-Scale Deployment
O NATIONAL ENSRCY TECHNOLOGY LASORATORY



Regional Carbon Sequestration Partnerships
Program Phases

Fiscal Year

mmmm 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017

Characterization
Phase
Characterize all
RCSP regions for
carbon capture and
storage opportunities.

$16 million DOE + $5 million Cost Share

Validation Phase
Validate technologies through field Scale of 100 to

testing at selected geologic and 10,000 Tons CC)2
terrestrial site locations.

$120 million DOE + $43 million Cost Share 116 of 1,000,000 Tons CO,

Development Phase
Complete large-volume development tests of sequestration technologies
that will help enable future commercial scale applications.

~$500 million DOE — over $200 million Cost Share

_ NATIONAL ENSRGY TECHNOLOGY LASORATORY



RCSP Validation Phase: Phase Il
Small-Scale Geologic Field Tests

Data current as of April 2009

Formation

Type

Geologic
Province

Big Sky Saline @ Columbia Basin
Sallni;‘%l;)rgatlg%résooo tons) MGSC O‘il-éeéring Illinois Basin
Depleted oil fields Saline ®
(50 to 500,000 tons) Coal seam
Coal Seams ®
(200 - 18,000 tons)
Basalt formation MRCSP Saline Cincinnati Arch,
(1,000 tons) @O O Michigan Basin,
Appalachian
Basin
PCOR Oil-bearing | Keg River,
W @ Duperow,
Coal seam Williston Basin
SECARB Oil-bearing | Gulf Coast,
@ Mississippi Salt
Saline Basin, Central
Appalachian,
Coal seam Black Warrior
® Basin
@ Injection/Test Complete sSwp Oil-bearing | Paradox Basin,
@ Injection Ongoing Aneth Field, .
Coal seam Permian Basin,
(O 2009/early 2010 Injection San Juan Basin
O brai WESTCARB Saline Sacramento
Project moved to Phase Il . valley, Colorado

(Injection 2010/2011)
NATIO|

Plateau




RCSP Phase lll: Development
(B~ Large-Volume Geologic Field Tests

Core Sampling
Taken

Injection
Well Drilled

= ¥ Nine large-volume tests
v Injections initiated 2009 — 2011

Partnership Geologic Province Type

Triassic Nugget Sandstone /
Moxa Arch

MGSC Deep Mt. Simon Sandstone Saline
MRCSP Shallow Mt. Simon Sandstone Saline
Williston Basin Carbonates |Oil Bearing

Big Sky Saline

‘

Injection
Started

() 2009 Injection Scheduled PCOR
Q 2010 Injection Scheduled

O 2011 Injection Scheduled

Devonian Age Carbonate Rock Saline

Lower Tuscaloosa Formation ;
SIECAIRE Massive Sand Unit Saline

Q@@ ®©®

Regional Jurassic & Older

i Saline
Formations

©)

WESTCARB Central Valley Saline

_ NATIONAL ENSRCY TECHNOLOGY LASORATORY



Big Sky Carbon Sequestration Partnership
Geologic Projects

-y

SASKATCHEWAN

MORTH DAKOTA

N NATIONAL ENSRGY TECHNOLOGY LASORATORY



MRCSP

=" MACAWEST REGHINAL

CAREON FEUEITRATION
FARETMERSHIRP

MRCSP Geologic Test Sites*

Michigan Basin: DTE and Core Energy gas and oil
operations, Gaylord, Michigan

* Permitting: EPA Region 5, Class V, Granted Jan 2007.

» Target: Bass Islands Dolomite, 3500 ft

e Status: Injected 10,000 tonnes 2008. Additional 50,000 tonnes
injected February-July 2009

‘ ; * Host: DTE Energy, Core Energy

Appalachian Basin: FirstEnergy’s RE Burger Power

Plant, Shadyside, Ohio
* Permitting: Ohio EPA, Class V, Granted Sep 2008
e Target: Oriskany, Salina, and Clinton, 6500-8000 ft
e Status: Injection testing completed, report in progress
» Host: FirstEnergy

Cincinnati Arch -- Mount Simon: Duke’s East Bend

Power Station, Rabbit Hash, Kentucky
* Permitting: EPA Region 4, Class V, Granted Feb 2009.
e Target: Mt. Simon Sandstone, 3,500 ft
e Status: Drilling Jun 2009, Injection completed Sep 2009
» Host: Duke Energy

Large Scale (1 million tonnes of CO,) Phase lll Site

* All deep saline tests « Various sites under evaluation
NATIONAL SENSRGY TECHNOLOGY LASORATORY



lllinois Basin-Decatur Project

Observation/sampling well to
be drilled Spring 2010

w

= Sy ey ]
LSS S

Injection of 1 million metric
tons of CO: at a depth of
7,000 feet will begin
August 2010

=1 =

\DM

[QILLINOIS

UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN

NATIONAL ENSRCY TECHNOLOGY LASORATORY



-
Jr,
L

1. Phase Il Zama Acid'Gas [njection Site :
2. Phase [} Lignite CO, Sequestration ECBM Site |
3. Phase [l Prairie Pothole Wéatlands Terrestrial Sequestration Site

4, Phase Il CO, Sequestration in Deep Saline Formation/EOR Sita.

5. Phase |l Western Canadian Basin Demonstration
6. Phase |l Powder River Basin Demonstration

Ko B

P
PCOR

Partnership

The PCOR
Partnership has
completed four Phase
Il validation tests. The
final report will be out
early 2010.

We have two Phase llI
commercial-scale
demonstrations
planned.

NATIONAL ENSRGY TECHNOLOGY LASORATORY



Phase Ill Canadian Project Overview

Major Features:
» Saline sequestration at 7000 to

8000 ft deep to maximize storage
Injecting Sour CO, (approx. 90% CO, and 10% H,S) SPECf@ P g

Ehe capacity.
gy * Inject and permanently store 1 to 2
EXISTING FORT NELSON

Mt/yr CO,.

* Fort Nelson gas plant owned
100% by Spectra Energy.

SINIESI . 'BAS FOR
(5 PROPOSED RAW GAS FROM | HOMES/INDUSTRY » Access and storage rights for dee
RE-INJECTION ™ | % INJECTION PRODUGER WELLS - : g€ ng P

obtained.

Meeting DOE Phase IlI:

» Greater than 1 Mt/yr carbon
capture and storage (CCS)
project in saline formation
means that Fort Nelson is a
world-scale CCS project

e Control over source and sink
expedites rapid deployment of
PropOSEd CCS in saline formation.

Carbon Capture |, Development of legal and
and Storage regulatory framework for CCS.

at Fort Nelson « Development of MMV protocols
for CCS in saline formations that
can be applied more globally.

» International nature of the project.

sequestratinn leadership forum

NATIONAL ENSRGY TECHNOLOGY LASORATORY




California CCS Opportunities

California Statistics*

California CCS
Opportunities
CO2 104 Million
B o ono Gos Reservons Stationary Metric
Bl oo Formations Source Tons/Year
Coal Seams Emissions
E S2abe Boundary i L
Saline CO2 303,502 Million
Co2 5 s .
S Storage Metric Tons**
Cement Plants
: #;T;mtlnhn Resource
@ Elsctricity Generation
wrtil a onna
o vkl Oil and Gas 7,692 Million
e Haer o CO2 Storage Metric Tons
@ Refineries/Chemical
® Unclaseified Resource
Yearly CO2 Release
{Metric Tons) *Statistics reported in Carbon Sequestration Atlas
* < 260,000 of the United Stated and Canada (2008).

** High Estimate.

® 750,001 - 10,000,000
@ - 10000000

I ——
DX B W 1M

NATIONAL ENSRGY TECHNOLOGY LASORATORY




Southwest Regional Partnership on
Carbon Seqguestration

Aneth EOR & Sequestration:
- Injection began August 2007 and is ongoing
- 292,300 tons total injected in SWP wells
- Successful seismic imaging
- Successful tracer monitoring
- Successful concomitant EOR with
net CO, storage

San Juan ECBM
& Sequestration

i San Juan ECBM & Sequestration
o% - Injection began July 2008 and ended

o
8 .,

July 2009
— _ o~ * E’Eiﬁfeifa‘ﬁsn - 18,400 tons injected in SWP injection well
....... - Successful vertical seismic profiling, tiltmeter
- deployment, tracer testing
— - Successful enhanced methane recovery with

net CO, sequestration

QuickTime™ and a NATIONAL EN=SRCY TECHNOLOGY LAED?J&TDE‘I

d
decompressor el T e neededio see thispi
2 needed to see this picture.



Southwest Regional Partnership on
Carbon Seqguestration

SACROC EOR & Sequestration:

- Injection began October 2008 and is ongoing

- Approximate 350,000 tons/year injection rate

- 4-D seismic imaging analysis ongoing

- Groundwater impacts methods developed

- Complete analysis of all trapping mechanisms
and their relative roles, following 35 years of
CO, injection for EOR

- Successful concomitant EOR and net CO,
sequestration

San Juan ECBM
& Sequestration

T Phase B Site Option

— [ S A * SACROC EOR
: / i &sequestration Large-Scale Deep Saline Sequestration Test
....... (Phase 3)
b - Site evaluation to be completed this month
et - Top candidates include these Phase 2 sites plus

a new site in Oklahoma

OuickTime™ and a NATIONAL ENSRCY TECHNOLOGY LASORATORY... ...
di . are needed to see this picture.



CO2 Sources and Sinks the SECARB 'lftf"'éfgion
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SECARB Phase Il
Geographic Region and
Field Test Site Locations

Coal Seam Project
Host Company: CNX Gas "
Russell County, Virginia " "’ -
Coal Seam Project
Host Company: HighMount
Exploration and Production, Inc.
near Tuscaloosa, Alabama

Stacked Storage Project Mississippi Test Site
Cranfield Test Site Mississippi Power’s Plant Daniel
Host Company: Denbury Resources, Inc. near Escatawpa, Mississippi
Southwest Mississippi




SECARB Phase Il - Cranfleld Unit

- —~——

Injection

uxmgﬂiéﬂ”oratlm‘qf E_a‘G Lees #7
.y g.mt()ﬂng Well Perforating Gun Used:for,

Ella G. Lees #7 Monltormg WeII :

_—.—‘._

-
T
=
-
-

: """‘L_‘H"—E__': y
ﬁi- S S
- e 4

. A !
a1
=

1

Y- T

e —

. amemITE

il "_ ]
o R e
oo e | g
L]

e

Workover Rig on
Ella G. Lees #7 Well

Lone Wolf Drilling Rig Satellite Uplink
Phase Il Monitoring Well CO, Injector |
!

e e e



Sites for SECARB Phase Il
Linked to near-term CO, sources

Mississippi Interior =N _1
OK Salt Basin Province & MS
o Spurce of large volumes of
AR CO, via existing nbury
£ pipelines
)
" e
TX ‘E ,_f\
Proven
Sabine h drocarbon '
Uplift sgals Plant AL

DRI pipelin :s Barry

Y CranfielcT
Cranfield Phase Il will §

use pipeline CO, from -

Jackson Dome ¢ ‘ Plant Netz;l]r-term |
Danie| 2anthropogenic
sources

Upper Cretaceous sandstones — Tuscaloosa & Woodbine Fm




Cranfield Program Overview

A" Denbury

Cranfield IAj +  IAj +Aj+  Inj+ Moni Oj fr= A
: Mon  Mon Mon Mon toring P P
unit =
Proposed e
Phase Il _ 90" el -‘é_
Early : : sea\
= — e Residual
study area
\ Gas
10,000 ft
S I~
g I skanase |l
S : 73 5?&&'59 ngrea
L |
© : s =
S i e =" "Heterogeneity"
o) Brine — 2 y
© =
&)
= A
|_



SECARB Phase Illl Anthropogenic Test

e CO, injection at Citronelle Field (existing oil field owned and operated
by Denbury Resources) near Citronelle, AL

- Beginning in 2011, between 100,000 and 150,000 tonnes of CO,
per year
- Injection target: Paluxy Formation below 9,000 feet

e CO, Source: anthropogenic CO, from Alabama Power Company’s
Plan Barry (near Mobile) 25 MW slip stream using MHI advanced
amine

=TL e Transportation: approximately 10 miles, dedicated CO, pipeline built
: to commercial specifications




Offshore Storage of Carbon Dioxide

Pilot Study

e Determine the potential size and storage capacity of
offshore oil and natural gas fields in the southeast

e Map the offshore resources of the southeast region
(integrate with NATCARB)

e Examine the current legal and regulatory
structures/opportunities for emerging technologies

e Deploy a comprehensive outreach and awareness plan




SECARB Risk Management

IEA Greenhouse Gas R&D Programme

Peer Review of Partnerships — March 2008
Recommendation:

“...better convey risk management strategies...”

e Subsurface Risk — Capacity; Injectivity; Seal Integrity

e Well Risk — MIT; CO, Compatibility; P&A; Existing
Penetrations

e Liability — CO, Migration/Leakage; USDW,; Air

e EPC - Performance; Schedule; Cost Escalation; Regulatory;
Financing




Water Use With and Without Carbon Capture

1,000
- Cooling Tower
800 HFGD
WGES

W Gasifier

Water Consumption
{gal/MWh net)
& o
= =2
o= =2

2 No CDR |CDR No CDR CDR Mo CDR lc{m INo CDR
Subcritical PC | Supercritical PC | 1GCC (slurry fed) |  1GCC (dry fed) NGCC
Total 517 985 452 844 300 452 295 475 192 338
mCooling Tower 449 884 392 759 290 355 243 355 192 338
: mFGD 68 101 59 86
=TL : WGS 52 49
_— m Gasifier [ 19 5 | 53 7 |
L

Comparison of water consumption factors with and without carbon capture for greenfield
plants using wet recirculating cooling towers - net power basis. (Note: FGD refers to flue
gas desulfurization; WGS refers to water gas shift; and CDR refers to carbon dioxide
recovery.)

Source: Gerdes 2008, DOE/NETL, Section 4




CCS Development, Demonstration & Deployment

e Development of Large Scale Injection Tests
- Regional Diversity in Target Formations
- 100,000 — 1,000,000 TPY CO, Injection Rates
- Strong Monitoring, Verification & Accounting (MVA) Component

e Demonstration of CCS Systems

- Integration of Capture/Separation, Transportation and
Sequestration

- High Purity CO, Sources and Power Plant Slip Streams
- Four- to Six-year Periods of Monitored Injection

N=TL e Barriers to CCS Deployment

: - Regulatory and Institutional Frameworks Needed
- Private-Public Funding Mechanisms Required for First Movers
~ Cost and Performance Issues Until N Plant




The SECARB Anthropogenic Test:
CO, Capture/Transportation/Storage

Project # DE-FC26-05NT42590

Jerry Hill, Southern Sates Energy Board
Richard A. Esposito, Southern Company

U.S. Department of Energy

National Energy Technology Laboratory
N=TL Carbon Storage R&D Project Review Meeting
- Developing the Technologies and Building the
Infrastructure for CO, Storage

August 21-23, 2012
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Benefit to the Program

1

. Predict storage capacities within +/- 30%

Conducted high resolution reservoir characterization of the Paluxy saline formation key
reservoir parameters for calculating CO, storage capacity.

Incorporated geologic model of the Citronelle Dome/Paluxy Formation CO, storage site
into a state-of-the-art reservoir simulator to predict storage capacity and CO, plume.

Established extensive subsurface monitoring to measure areal extent of CO, plume and
actual CO, storage capacity.

2. Demonstrate that 99% of CO, is retained

3

Selected CO, storage site with 4-way closure, multiple confining units and secondary
storage horizons.

Reservoir characterization completed to identify residual CO, phase (pore space
trapping), CO, dissolution in water; completed seismic- and log-based assessment of
the integrity of the reservoir caprock.

Established within and above zone pressure monitoring systems, CO, tracer programs,
multiple cross-well seismic shoots and repeated use of cased hole neutron logging.

. Conduct Field Tests supporting the development of Best Practices Manuals

Served on the Review Board of the DOE/NETL Drilling Manual; edited the DOE/NETL
Reservoir Simulation Manual; and wrote chapter on CO, leakage mitigation for California
report on CCS.



Project Overview

Fully integrated capture, transport and storage project

Construct and operate a 25 MW (182,500 Mt) equivalent CO,
capture unit at Alabama Power Plant Barry

Construct and operate a pipeline that will transport CO, from Plant
Barry to a saline formation in Citronelle Dome

Inject > 200,000 metric tons of CO, into a saline reservoir over a
period of 2 years

Conduct 3 years of monitoring after CO, injection is concluded and
then close the site




NETL O CARE) “%z" =PRI sournErn aX Denburyo &

Fraeiti yie Ll *ENercy soAR®” COMPANY Advanced Resources
International, Inc.

Capture Project Sequestration Project

» SO collaborating with MHI
* Location: APC’s Plant Barry
» Execution/contracting: SO

* Project: DOE’s SECARB Phase |lI
* Prime contractors: SSEB and EPRI
* CO, : SO supplying

» Sequestration: Citronelle QOil Field

¥ Citronelle Oil Field
g Plant Barry, Bucks AL

Plant Barry
(APC)

Capture Plant Sequestration
sCs) IR . o




SOUTHERN A

Capture Project Scope & Objectives COMPANY
4
* Project Scope: M"s'}u,:sm

— Demonstrate post-combustion capture of CO, from flue gas using
MHI’s advanced amine process

* Project Philosophy:
— Fully representative of full scale design
— Establish and demonstrate a contracting and execution strategy
— Operation and maintenance in realistic conditions
— Establish partnerships for future commercial projects
* Project Objectives:

— Demonstrate integrated CO, capture under realistic Flue Gas gg’go/"”r“y
operating conditions typical of a coal-fired plant Outlet o
— Establish values for the energy penalty Absorber $ !
T <o
— Test reliability of solvent-based Flue Gag  CWH> o 'EI S RIEEED
capture CooleriDosp ™ i< y (Regenerator)
— Source CO, for injection demonstration FGD = |W chw. }A{
Pre-treated .% g, '\ e <  Reboiler
Flue Gas — — W &ssteam

]

Simplified schematic post-combustion solvent process



| —

.__,.W.n,‘_m@mﬁ Buluonipuo) se9

25MW, 500 TPD Demonstration







Capture Plant Update

Capture plant & compressor started operations on June 4, 2011 with
70,000 metric tons CO, captured to date.




CO, Pipeline Overview  _®% eP@ Denbury® sovumss

« Approx. 12mi (19km) to the SE operators unit in Citronelle Field

* Pipe specifications —_—
— 4-in (10cm) pipe diameter eshingion '
— X42/52 carbon steel

— Normal operating pressure of
1,500 psig (10.3 MPa) Coavr 1

— DOT 29 CFR 195 liquid pipeline;
buried 5 feet with surface re-
vegetation and erosion control

Mississippi
Alabama

* Denbury pipeline purity requirement:
> 97% dry CO, at 115°F (46°C) Mobis Courty

< 0.5% inerts (including N2 & |
argon) ek
< 30 Ib water per IMMSCF W >

< 20 ppm HZS Kilometers. - : ’ ‘f
0 37575 15 Mobile RN




Pipeline Right-of-Way

Right-of-Way Ownership
* 1% mi (2 km) inside Plant Barry
property

8 mi (13 km) along existing power
corridor

2 mi (3 km) undisturbed forested land
Permanent cleared width 20 ft (6 m)

Temporary construction width 40 ft
(12 m)

Right-of-Way Habitat

* 9 mi (14.5 km) of forested and
commercial timber land

* 3 mi (5 km) of emergent, shrub, and
forested wetlands

« Endangered Gopher Tortoise habitat

* 110 burrows in or adjacent to
construction area




g
pipeline; buried 5 feet
with surface
vegetation
maintenance

Directional drilled 18 sections
of the pipeline under roads,
utilities, railroad tracks,
tortoise colonies, and
wetlands (some up to 3,000
feet long and up to 60 ft
deep).




Storage Scope & Objectives

» Scope:

— Demonstrate safe, secure CO, injection and
storage in regionally significant saline
reservoirs in the southeast U.S. region

* Objectives:
— |dentify potential leakage risk

— Evaluate local storage capacity, injectivity
and trapping mechanisms of saline reservoir

— Test the adaptation of commercially
available oil field tools and techniques for
monitoring CO, storage

— Permit pipeline and injection, stakeholder
acceptance through outreach & education

gNETL : CARB) =Pl Denburyé m& SOUTHERN &2

eeeeeeeeeeeeeeee

i Carbo anced Resources
questration Partnership International, Inc. COM PANY



Citronelle Field — Basic Facts Denbury

Citronelle Field located in &
around the City of Citronelle

— Approx. 1 hour north of
Mobile, AL

» Field is comprised of 3 active
units: Main, East & Southeast

 There are 423 wells in the 3
Denbury operated units

— 168 active producers
— 62 active injectors

— 7 SWD wells

— 93 TA/TP wells

— 88 plugged

— 5 SECARB

« Denbury took over operations
Dby° on Feb. 1, 2006 from Merit




Potential Reservoirs

Stacked Storage Reservoirs

with

Multiple Seals

Tertiary Injection Zone
(Eutaw Fm.)

Secondary Injection Zone

(Tuscaloosa Fm.)

Proposed Injection Zone
(Paluxy Fm.)

g 73
= )
2 Major Sub Units
g §" S e J and Confining Zones
f 3 Citronelle Formation
H
=
g Undifferentiated
Chicasawhay Fm. __
5‘ ° Bucatunna Clay
g‘- g Vicksburg Group
<
- Jackson Group Minor Saline Reservoir
Claiborne Group Talahatta Fm. Saline Reservoir
Wilcox Group Hatchetigbee Sand
» Bashi Marl Saline Reservoir
Salt Mountain LS
Midway Group Porters Creek Clay
Selma Group
o) Eutaw Formation Minor Saline Reservoir
g = f § Minor Saline Reservoir
o § -
§ = Tuscaloosa Group | &£ Marine Shale
w - i
§3 Pilo,t " Saline Reservoir
il Massive sand
Washita- Dantzler sand Saline Reservoir
Fredericksburg Basal Shale
‘Upper' S
Paluxy Formation 'Middle' Pr°p°s;d —
\ \ one
o Lower
o - Mooringsport
‘g g Formation
% " |Ferry Lake Anhydrite
[fodessa Fm 'Upper’ Oil Reservoir
Donovan Sand 'Middle' Minor Saline Reservoir

‘Lower’

15

Qil Reservoir




Injection Zone Characteristics

Top Depth| Gross Sand Ne;a(:‘I:'an Log Porosity |Sidewall Core Per:neabllltyt(md)
(ft, log) | Thickness (ft)| 1. oo o ) (%) POrosity (%) | ,ormeabiity eross plot
9,437 41 36 20.9 21.3-21.9 450
9,507 20 1 20.3 21.6 360
9,531 18 13 18.6 n/a 190
9,560 23 9 19.0 n/a 220
9,594 41 38 20.0 18.4-23.0 320
9,656 23 4 17.4 n/a 120
9,695 24 21 18.9 18.6-19.8 210
9,729 20 13 19.2 19.2-21.2 230
9,771 36 27 16.9 16.0-19.2 100
9,830 12 6 16.6 n/a 90
9,881 22 10 17.7 16.3 130
9,954 23 3 13.7 n/a 30
10,014 11 6 16.9 n/a 100
10,034 13 8 19.5 n/a 260
10,091 16 10 16.7 n/a 90
10,118 15 11 15.5 n/a 60
10,297 17 7 14.7 n/a 40
10,356 20 5 14.0 n/a 30
10,392 17 1 14.7 n/a 40
10,454 30 13 15.9 n/a 70
10,487 28 17 15.6 n/a 60
Tot.al Gross T?tal Net Weighted Weighted
Thickness: Thickness: Average: 18.2 Averade: 208
470 263 ge. 19. ge:




Monitoring Program EPeEl A

041

(7 R o visor (D413 andlor D414 | | :
,«ss,u 7N jr | ] ) 1 zone monitoring | The test will use 5 deep wells to
offt) /,/ g Above-zone monitoring :
I\" =y e / A = track the CO, plqme_ and 3
,,,ma W % S¥a v NN * | shallow water monitoring wells.
; ' _"'“ EERE RN N\ New Characterization
. —); 2 [Well (D-9-8#2)

5| Neutron logging « Near-surface and deep

Pressure reservoir fluid sampling.
Fluid sampling

Seismic  |n-zone and above-zone

;"'l. ’ {i , A "‘.1—'
] ” - '

New Injector (D-9-7#2)
Injection surveys

Pressure 7
Seismic [ = == pressure and temperature
4;0-_«».?{{ D monitoring.
R }ui,'_j;-/'*'gib. B .
gl Cased-hole neutron logging.
vy 4l - Crosswell seismic and VSP.
| New Inj/Obs Well .
(D-9-942) I ¢ Surface soil flux and tracer
Neutron logging surveys
] Seismic

Results will be used to update
the reservoir model and UIC
Area of Review.
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Accomplishments to Date

 Design, construction, and operation of the world’s largest carbon
capture on a coal fired power plant with over 70,000 metric tonnes of
CO, captured to date.

» Design, permitting, construction, commissioning, and operation of a 12
mile CO, pipeline.

» Development of a sequestration demonstration including site
characterization, detailed geologic analysis, and construction and UIC
of injection wells.

* Integration of CO, injection operations with pipeline transport and
capture unit operations.

* MVA baseline monitoring including significant experimental/innovative
technologies such as the modular borehole monitoring tool.

* First of a kind permit received for injection of CO, in the SE USA for
geologic sequestration.

18



Organization Chart

Capture

Storage

souTHERN 22
COMPANY
Permitting Plant Integration Site
& Construction Host

Mitsubishi Heavy ¢
) /e
Industries

mirspRis
Design Technology Advanced
Provider Amines

CPE' ELECTRIC POWER
-—

RESEARCH INSTITUTE

Economic
Evaluation

31 Party
Evaluation

Knowledge
Transfer

Transport
SO. STATES ENERGY BOARD  «o¥'0 rzeg
*ENERGY BOARP™
|
|
( | Yy Cardno r: ELECTRIC POWER
ENTRIX C EI RESEARCH INSTITUTE
Shaping the future
| I
NEPA Preparation
a Advanced Resources ‘&
sou‘c“o‘mANv International Advanced Resources
International, Inc.
s I I | | | |
A":‘. eA SQUtth'. uic Reservoir Geologic Field Public MMA
g "{-’ . p It\,'lf“‘l‘”v",i,l G‘("‘ Permitting Modeling Modeling Operations  education/ Activities
: / ' outreach
v
Denbury panpyry © Denbuy henbury©
y Resources y
Resources
I | |
Field Site Prep/
T ie illi Site
Pipeline Pipeline Field . Drilling
Bt Permitting & Operations Operations Contractors Host 1 9

Construction



Gantt Chart

Baseline monitoring began in late 2011
Permission to inject received on August 8, 2012
CO, injection operations begin on August 13, 2012, continue for 2 years

3 years of post-injection monitoring, then close site

Fiscal Year
Anthropogenic Test 2008| 2009| 2010| 2011| 2012| 2013| 2014| 2015| 2016| 2017
Public Outreach & Education

Site Permitting

Site Characterization and Modeling
Well Drilling and Completion
Transportation and Injection Operations oy
Operational Monitoring and Modeling By

Site Closure

Post Injection Monitoring and Modeling

Project Assessment

20
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Lessons Learned

1. Planning and operating a fully integrated, commercial prototype CO,
capture, transportation and storage project requires extensive negotiations
and flexibility in plans and schedules.

Accomplishment. The Anthropogenic Test storage team has adapted its
schedule and managed its activities to match the Alabama Power’s CO,

capture schedule and Denbury Resource’s CO, transportation schedule.

2. Selecting and gaining approval for a high quality, regionally significant
saline formation for storing CO, is a major challenge.

Accomplishment. The Anthropogenic Test storage team identified

and gained access to the regionally extensive, low risk but
geologically challenging Paluxy saline formation for storing CO..
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LeSSO nS Lea rn ed (continued)

3. Investing significant up-front time and effort in problem identification and
risk avoidance was crucial for securing a safe, secure CO, storage site.

Accomplishment. The Anthropogenic Test storage team conducted
extensive evaluation of the casing programs and cement integrity of the
older wells surrounding the CO, storage site to assure an acceptable “area
of review” for CO, injection and storage.

4. Investing in detailed site and reservoir characterization, particularly in a
fluvial, complex formation such as the Paluxy, is essential for ensuring
adequate CO, storage capacity, safe CO, injection operations, and effective
CO, monitoring.

Accomplishment. The Anthropogenic Test storage team conducted
flow unit descriptions of reservoir continuity and injectivity to enable
the team formulate a well design and completion scheme that
minimizes the areal extent of the CO, plume.

23



Future Plans

Continue monitoring the CO, capture, transportation, and injection
operations and maximizing the efficiency of the integrated system.

Maintain risk registry with capture, transportation, injection and monitoring
operations reviews.

Share lessons learned from the Anthropogenic Test with a broad audience
through:

knowledge sharing opportunities;
community and stakeholder
briefings;

posters and presentations at
national and international
conferences;

news and journal articles;

RCSP Working Groups;
SECARB website (secarbon.org)
and social media (FB: SECARB1;
Twitter: @SECARB1); and site
visits.




Southeast Regional Carbon Sequestration Partnership
Citronelle Project: Experiences with Permitting and Regulations on CCS

Carbon Storage R&D
Project Review Meeting
August 21, 2013
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Permitting Outline & Project Location

e National Environmental Protection Act (NEPA)

e Alabama Historical Commission P4 A gy Al
. . . : ; / Washington - |« <~ /7 T2
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National Environmental Protection Act

Environmental Impacts

e Categorical Exclusion: All locations performing office work, planning, coordination,
etc.

e Environmental Assessment (EA)

- Environmental Information Volume and Supplements for Pipeline and Electric
Transmission Line

- Finding of No Significant Impact (FONSI) issued by NETL on March 18, 2011

Categoneal
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Alabama Historical Commission

State Cultural or Archaeological
Assets

e 2 cultural resources assessments

e 4 archaeological sites discovered in
the Transmission Line survey,
though not eligible under the
National Register of Historic Places
— no further investigations warranted

e No cultural resources were
discovered — no further
investigations warranted

e Following review of EA, “...agree
with the EA as it pertains to no effect
to National Register eligible cultural
resources” by State Historic
Preservation Officer, April 2011
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U.S. Fish and Wildlife

Threatened and Endangered Species

e Endangered Gopher Tortoise
habitat

e 110 burrows in/adjacent to
construction area

e Directional drilling of pipeline

e Marked burrows at well pad
site

sy & EPRI L soummnad Denbury©®
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U.S. Army Corps of Engineers

Wetlands

e Pipeline route
- 12 miles

- Directional drilled 18 sections
of the pipeline, 30-60 ft deep,
under wetlands, roads, utilities,
railroad tracks, and tortoise
colonies

- Surface re-vegetation and
erosion control

e Well pad construction

- Wetlands impacts mitigated
after drilling completed

--------------------------------------------------------------------------------------------------------------------------------------------------------------
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AL Dept. of Environmental Management

Underground Sources of Drinking Water

Class V Experimental UIC Permit issued by the Alabama Department of
Environmental Management (ADEM) on November 22, 2011

- U.S. Environmental Protection Agency Headquarters Involvement
e Provided comments to ADEM regarding permit requirements
e Many Class VI standards applied to the Class V Permit (see below)
Permission to Inject issued by ADEM on August 8, 2012
Injection began in August 20, 2012

Injection Area of Review (AOR) determined by annual modeling
Periodic AOR updates based on monitoring and modeling results
Extensive deep, shallow and surface CO, monitoring
Monthly reporting of injection pressures, annular pressures and injection stream composition
Injection stream monitoring

Periodically updated Corrective Action Plan
Site closure based on USDW non-endangerment demonstration (5-yr renewal)
Pressurized annulus throughout injection (+/- 200 psig)
Emergency and remedial response plan
Post-injection site care plan
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Southeast Regional Carbon Sequestration Partnership
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Partnering with Industry for Large Scale CCS Projects

Carbon Storage R&D
Project Review Meeting
August 22, 2013

Kimberly Sams
Asst. Director, Geoscience Programs
Southern States Energy Board
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Project Partner Framework

Capture Project Sequestration Project

° Project: DOE’s SECARB Phase Il

° Prime contractors: Southern States Energy
Board (SSEB) and Electric Power
Research Institute (EPRI)

© CO,: Southern Company supplying
* Sequestration: Denbury Citronelle Field

* MVA: SSEB, EPRI, Advanced Resources
International, Inc.

* Southern Company
collaborating with
Mitsubishi Heavy
Industries

* Location: Alabama Power
Company’s Plant Barry
% Citronelle Oil Field

= Plant Barry, Bucks AL * Execution/contracting:
Southern Company

-
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Organization Chart
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Agreements

e CO, Off-take Agreement

- Southern Company & Denbury

- Supply and off-take of anthropogenic CO, for transportation and use
e Construction Terms & Considerations Agreement

- Southern Company & Denbury

— Construction of CO, pipeline on Alabama Plant property
e Backstop Agreement

- Southern Company & Denbury
e Transportation Services Agreement

- SSEB & Denbury

- Scope and terms of CO, delivery to Citronelle
e MVA Service and Access Agreement

- ARI & Denbury

- Commitment to provide a site, and to provide services required for
MVA of injected CO,
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CO, Pipeline and Measurement Design

Discharge side of horizontal pump D-9-7#2 Wellhead with injection line



Keys to Success (and motivation)

e Partners are “risk sophisticated”
- Perceived risks vs. real risks
- Risk workshops at critical stages of the project to identify potential risk scenarios
and risk owners and to develop mitigation plans”
e “Learning by Doing” approach
- Understand the the coordination required to successfully integrate all
components of a CCS project

- Develop the business agreements for integrated projects and allocating risk
among capture plant constructors/operators, CO, pipeline constructors/
operators, and injection field developers/operators was a complex process that
has provided extremely useful information for future commercial CCS projects

Cartadn
Frequent

Probabie

Posabie

Likelihood
Likelihood
Likelihood

Uniinly a8

Rermote 9, %

Total risk Total risk | wre | Mince | Moderms | Severs | Pimistert

Jan. 2012 | | ] | May 2013 | ! |
Consequence Consequence Consequence

SECARB Anthropogenic Test — Evolution of Risks over time (June 2011 to May 2013)
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Keys to Success (and motivation)

e Commercial deployment of CCS technologies is a win-win situation

- Southern Company: CO, mitigation technologies; avoidance of stranded
assets and related technology investments

— Denbury: sources of anthropogenic CO, to supplement natural CO, supply
from the Jackson Dome

- NETL.: fully integrated, large-scale project to demonstrate feasibility of CCS
technologies and remove barriers to commercial deployment

- SSEB members: low electricity prices for residents; low electricity rates

attracts new businesses and new jobs; retention of jobs in our coal states
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< Plant Barry - Citronelle Field Project
Southeast Regional Carbon
~ Sequestration Partnership (SECARB)

Prepared for:

Carbon Storage R&D Project Review
Meeting

Pittsburgh, PA

Presented By:

Robert C. Trautz, Principal Technical Leader, EPRI
Steven M. Carpenter, VP Advanced Resources
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Topics of Discussion

Citronelle Field Project Overview
Surface and Shallow MVA

Deep MVA

Experimental MVA

Questions, Answers, Discussion




Project Objectives

| APR2011t0AUG 2012 | | SEPT2012toDEC2014 | | JAN2015t0 SEPT 2017 |

1. Support the United States’ largest prototype CO, capture and transportation
demonstration with injection, monitoring and storage activities;

2. Test the CO, flow, trapping and storage mechanisms of the Paluxy;

3. Demonstrate how a saline reservoir’s architecture can be used to maximize CO,
storage and minimize the areal extent of the CO, plume;

4. Test the adaptation of commercially available oil field tools and techniques for
monitoring CO, storage

5. Test experimental CO, monitoring activities, where such technologies hold
promise for future commercialization;

6. Begin to understand the coordination required to successfully integrate all four
components (capture, transport, injection and monitoring) of the project; and

7. Document the permitting process for all aspects of a CCS project.
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The CO, capture unit at Alabama Power’s
(Southern Co.) Plant Barry became
operational in 3Q 2011.

A newly built 12 mile CO, pipeline from Plant
Barry to the Citronelle Dome completed in 4Q
2011.

A characterization well was drilled in 1Q 2011
to confirm geology.

Injection wells were drilled in 4Q 2011.

100k — 150k metric tons of CO, will be injected
into a saline formation beginning 3Q 2012.

3 years of post-injection monitoring.
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Barry Carbon Capture Overview
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Geologic Overview
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Field Overview

Characterization

Well (D-9-8#2)

Back-up Injector/New

Observation Well (D-9-9#2) |

j !n-z”one}c Aba;e-z'ﬁne :;oln.t".tor.-'ng ) AoR 1, 700}{- ra:.-u 5
it wells (D-4-13 and D-4-14) S from D-9-7
R Sl AUVAREL 8 * One Injector (D-9-7 #2)
445 “ ﬁf\“"} ”
s « Two deep Observation wells (D-

0-8 #2 & D-9-9 #2)

Two in-zone & above zone
Monitoring wells (D-4-13 & D-4-

14)

One PNC logging well (D-9-11)

Four shallow groundwater
monitoring wells

Twelve solil flux monitoring
stations
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Surface and Shallow MVA
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10

Injection Rate and CO, Composition Summary

Metric tons per day

Average quality of the captured gas is 99.933% CO,, 0.015% O,
and 0.052% N.,.
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Shallow MVA-CO, Flux and Tracer Sampling

Flux (umol/m2/sec)
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Tracer Results

Inoculation Testing

Well/Sample| AUG 2012 | JUN 2013 | NOV 2013
D-9-1 ND ND ND
D-9-2 ND ND ND
D-9-3 ND ND ND
D-9-6 ND ND ND
D-9-7-1 ND ND ND
[D-9-8 Invalid Data|  ND ND
D-9-9 ND ND ND
D-9-10 Invalid Data ND ND
D-9-11 ND ND ND
AirBlank 1 ND

System Blank ND ND

Soil CO, results appear to vary as a function of mean temperature and PFT

have been non-detect
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Shallow MVA - USDW Monitoring

3 - Background Monitoring Events:

= January 2012 (N=1) through July 2012
(N=3)

7 - Injection Period Monitoring Events:

= November 2012 (N=4) through May 2014
(N=10) =

Background anomalies of Manganese, Iron,
and Chloride above UIC permit. To evaluate the
potential exceedance of regulatory standard
(e.g., UIC permit discharge limit), the EPA GW
Unified Guidance recommends the collection of
>4 data points before performing statistical
comparisons (e.g. confidence limit
determinations)
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Deep MVA

Lhs

A

VSP source offset locations (stars), receiver locations
(D9-7#2 and D9-8#2), and walk-away lines (blue and red lines)

13

» Goal #1: Operational monitoring

« Well logging (PNC and
spinner surveys)

» Goal #2: In-zone CO, migration,
leak detection and pressure
monitoring

 Downhole pressure
monitoring

» Cross-well seismic surveys

» Offset vertical seismic profile
(VSP) surveys

« Walkaway VSP
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Deep MVA-Spinner Surveys

Well Bore Velocity Loss |

Company: Denbury Resources Inc
Fiedd: Citronelle
Weil: Secu D-8-7 #2 In|

Sand| Sand Unit Properties (ft) |Nov 2012|Aug 2013|Oct 2013

Unit |Bottom Top Thickness| Flow % | Flow % | Flow %
J 9,454 9,436 18 14.8 18.7 16.7
I 9,474 9,460 14 8.2 204 19.6]
H 9,524 9,514 10 2.8 7.4 7.7
G 9,546 9,534 12 2.7 2.1 0.9
F 9,580 9,570 10 0.0 1.2 1.2
E 9,622 9,604 18 26.8 235 30.8
D 9,629 9,627 2 0.0 0.0 0.0}
C 9,718 9,698 20 16.5 11.8 10.3
B 9,744 9,732 12 4.9 0.6 0.4
A 9,800 9,772 28 23.3 14.3 12.4

Caged Fullbore Flowmeter (6 arm CFBM)
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Deep MVA - Pressure Response
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Deep MVA — Pressure Response

Pressure (psi)
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Permanent MBM vs Removable
Memory Gauge

Data Edit Plot
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Deep MVA — Pressure Response

= The system, as expected, is getting more compressible with
continued injection. As a result, the response time (observed
Initiation of injection) at the offset observation wells continues
to grow. This tells us something about the saturation between
the wells, when calibrated to reservoir models.
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Deep MVA - Seismic Operations
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Baseline cross-well
velocity tomogram.
Repeated 6/2014.

Crosswell seismic may hold the best opportunity of visualizing the injected CO.,;

=

one

Injection Zone

however, time-lapse acquisition during injection operations are difficult
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Experimental MVA-Modular Borehole
Monitoring (MBM) System

» Motivation: Deep monitoring wells
are expensive to drill and
complete and have limited space
available for instrumentation

v'"Monitor CO,, plume location

v'Reservoir pressure and
temperature

v'Fluid sampling
v'Leak detection
v'CO, saturations

» An experimental, semi-permanent
geophone deployment was

desired to act as a “fence-post”

during time-lapse VSP acquisition

VSP source offset locations (stars), receiver locations

(D9-7#2 and D9-8#2), and walk-away lines (blue and red lines) i CARB\ o

Southeast Regional Carbon
Sequestration Partnership
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MBM Design and Monitoring Capabilities

» 18 Level, tubing deployed, clamping
geophone array (6,000-6,850 ft)
e Two in-zone quartz pressure/

temperature gauges for reservoir
diagnostics

» U-tube for high frequency, in-zone
fluid sampling (tube-in-tube design)

* Fiber optic cable for distributed
temperature and acoustic
measurements

- Heat-pulse monitoring for CO,
leak detection

- Acoustic array for CO,

- 2 7/8” production tubing open for
logging

eophone clamp hydraulic lin

MBM Design: Flat-Pack and Geophone

DTS, Heater, DAS

Flat-pack replaces 7 lines Hybnid 8-copper, 4-fiber-optic cable

Hybrid copper fiber-optic cable ("mnh e TEC

©>L©“\Q-‘?) © \ |

———

\
Tb(-.h'lbeUlb npler Coax PIT monitoring cable

/Aw _ ___
)

Welded Geophane Line

.

rrrrrrr

ELECTRIC POWER
RESEARCH INSTITUTE

'"| ErRl

A

Advanced Resources
International, |




Time-Lapse Difference, MBM, VSP

P-wave seismic model Semi-permanent short MBM Temporary long string
geophone array geophone array
Aperture
< < FAS
® = S 3 JN
o — — g F \‘
SOOG_I i et o S N "r 5(}00\1
60001 /60004
7000+ /7000
S 8000 = / B000-
o ] = /[ 1
E 9000, —_— 9000-
10000- 1800 ft 10000
11000+ e 110004
— 1
12000 ——————— 12000

Shorter MBM array has an lateral image area that is smaller, but it should be able
to see changes in the gather response and images over time due to CO, injection

)
ELECTRIC POWER A

RESEARCH INSTITUTE
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DEEP MVA - MBM V
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Shots to the west
0000681 present reflection D9-1
points closest to .
= the injection area
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7 Qo08sg{ 99-6 =~ o P
D3-i-2_~ s @ Monitor
Injector & v
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. .
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Difference between the monitor and baseline surveys reveal subtle changes in the
amplitudes at depth; however the changes may not be significant because of noise
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Distributed Acoustic Sensing (DAS)

DAS allows seismic monitoring with fiber optics

= Sensitivity less than standard geophone, but 3000 sensors versus 18
= Spatial sampling and ease of deployment much greater

e i
i iy S
U  ——
' N : - = T
AR TE % .
- = & \
/ .
',
——_—:“'_.-';-\}:,f o

Standard single-mode optical fibre

Acoustic field

Backscattered light provides
measurement point every 1m

filﬂ'lﬁ)pulse of light

~
reeceeeoc| iy -
L /v EPE' ELECTRIC POWER
RESEARCH INSTITUTE nced Resources
. . national, Inc.

SILIX A




_ DAS vs. Geophone
Cltronel Ie DAS-GeOphOne ) SP 2003; iDAS setting D30; channel at 6450 ft

—éeophone: di\.:stack of 24 sx;veeps

Comparison from Walkaway .. oessdeum

DAS Data

SP 2021; Combined Deconvolved stack of 152 sweeps; RMS normalized

(msec)

Geophone Data

0.2 %00 600 800 1000 1200

700 800 900 1000 1100 1200 00 -1
(msec)

Processed by D. Miller, Silixa e R

Acquisition of stacked source sweeps improved DAS data signal to noise
ratio, producing traces that match those from more sensitive geophones

sources

£I



Improved DAS VSP Processing

= Downgoing
Deconvolution

= Travel Time Picks
= Velocity Model

= Comparison to Well
Logs (Sonic, Gamma)

"« Good tie to logs
 Reflections clear

. zones

e Strong ‘ringing’ in some

~

4
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Heat Pulse Testing and Fiber Optic Distributed
Temperature Sensing (DTS)

Ambient Temperature (Blue)
Heated Temperature (Red)

Packer

AN

Flat

115
114 - | | _
Base of Packer Bottom of fiber
€———— 400'as built-402' fiber — |
- 113 [

L
Pack =
85 112
——Baseli
[y [}
@ 75 2111
I =
e 2
s 65 s 110 T T
B Rat Hole
o Q
£ss £ 109 l
H H 108 ’ ‘
45
Colder Kill Fluid _
35 1
25 106 1
15 ! 105
0 10C0 2000 3000 4000 5000 6000 7000 8000 2000 1000C 9300 9400 9500 9600 9700 9800 9300

Depth (ft)

Fiber Length (KB) ft.

Temperature Profile along Entire Cable
(0 — 9,800 ft +/-)

Temperature Profile Across Bottomhole
Assembly (9,300-9,900 ft)

27

"‘b

A
1]

| =Pl

rreererr

RESEARCH INSTITUTE
BERKELEY LAaB

Ac

dvanced Resources
I



Deep Groundwater Sampling

= |n- and above-zone
monitoring may be used
as a compliance tool to
detect CO, leakage

= Samples undergo geo-
chemical transformation
when collected from
deep wells, e.qg.,

— EXSOlution Of diSSOlved USGS photo: Fluid Samling during Pmping at D9-8#2
gases

— Changes in dissolved CO, concentrations that control pH and alkalinity

— EXxposure to the atmosphere causes changes in redox conditions

ELECTRIC POWER A
RESEARCH INSTITUTE 0o curces
International, Ine

=Rl
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Testing & Monitoring: In-zone Comparison
Deep Groundwater Sampling Methodologies

A. Gas-lift

— Samples had the highest pH indicating
possible loss of dissolved gas

— Sampling method should be limited to
major and unreactive solutes

B. Pumping

— Relatively high Fe concentrations
compared to other methods, showing
evidence of contamination or
geochemical changes in samples

— Sampling method should be limited to
major and unreactive solutes

C. Kuster sampler:

— Field measurements of initial pH had
the lowest value

— Geochemical data consistent in
repeated sampling

D. U-tube;

— In general, sample results are
comparable to the Kuster method

29

USGS collecting in-zone groundwater samples using:
A. gas-lift; B. electric submersible pump; C. Kuster sampler;

and D. u-tube sampler

=Rl
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International, |
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Accomplishments

Injected over 110,000 metric tons to date from the
world’s largest CO, capture system using advanced
amines on a coal-fired unit

Fully integrated carbon capture, transportation and
storage project

Demonstrating monitoring technologies at a
commercial-scale (i.e., oll field setting) within the
regionally extensive Paluxy saline formation

Unigue opportunity to evaluate performance of
different seismic survey configurations and sensors

Research effort is focused on developing, testing
and validating borehole-based monitoring
technologies and methods

ELECTRIC POWER

RESEARCH INSTITUTE

RESESAE 'HIE T Advanced Resources
nternational, Inc.



Thank You from the SECARB Team
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=ire SECARB’s Early Test at

Cranfield, Mississippl
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ERT Image of CO, plume: X Yang LLNL



Early Test
Research
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Presentation Outline

SECARB Early Test Goals
Site Characterization

Monitoring and modeling response to
Injection In the deep subsurface

Monitoring the shallow subsurface — what
would response to leakage or migration
look like?

Remaining work
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« SECARB Early Test Goals



Goal: Regional Carbon Sequestration Program
goal: Improve prediction of storage capacities

S Cre 7,754 acres x 90 ft

on reservoir net pay x 25.5%

volumetrics porosity
(Chevron, 1966)

X E [pore volume occupancy (storage efficiency)] = Storage capacity
Injection rate — limited by pressure response
Observation: pore

Measure Increase predictive volume occupancy
saturation during capabilities by was rate and

multiphase plume validating pressure

dependent: not a

evolution numerical models
single number




Goal: Regional Carbon Sequestration Partnership
program goal: Evaluate protocols to demonstrate that
CO, is retained
High confidence in storage H‘\
permanence through characterization
Oil and gas trapped
over geologic time

Material
Impact: Uncertainty and risk assessment Semi-quantitative assessment
failing to via Certification Framework
retain
P&A well Limited analogy
Research performance in between injected and
Rlie=tiohs retention? natural fluid retention

Off structure Response to
migration? pressure elevation?

shallow We”'pad

vadose Ground Proto_c_ol_
s e Sensitivity &
Selected chem.  AZMI reliability

=S STHED pressure 4-D

Seismic 4-D

|IZ pressure  Microseismic

deep VSP
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 Site Characterization



Characterization
Regional setting (Gulf Coast Wedge)

Location

Tuscaloosa Formation - depositional
system

Confining system (overburden)



Gulf Coast Wedge
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Location

A Injection well
® Sample well
* Other well
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« Wells in Woodbine-
Tuscaloosa Fm.

Gulf of Mexico

0 75

150 300 km




Lower Tuscaloosa sand and conglomerate fluvial
depositional environment

P

Detall Area
Study DAS

H Zeng, BEG



Amalgamated Fluvial
Channels - Heterogeneity
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Characterization of Overburden
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* Monitoring and modeling response to
Injection In the deep subsurface



Monitoring response to injection in the deep
subsurface

A Injector

o Producer
(monitoring point)

® Observation Well

¢ RITE Microseismic

4-D seismic

Detail Arra
Study
(DAS)

15

GIS base Tip Meckel, BEG




Detalled Area Study (DAS)

::y Injector
“'""“""" CFU 31F1 .
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examine flow in - o s
complex reservoir
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reservoir | ‘ “”’”’“W%mmj il
TS THITT MMM T TV TTTTPV I
Petrel model Tip Meckel
Time-lapse cross well
Schlumberger

wrii Tiem
TN
R



LLNL Electrical Resistance Tomography-
changes in response with saturation

F1 F2 F3
Time-lapse sequence of resistivity changes observed during injection
Chamesin
17 Dec 2009 21 Dec2009 26 Dec2009 15 kn 2010 3 Feb 2010 Resistivity (%)

Sunas o - -
R A B e S |

Direction of « -40
@7 plume  *
= d = + . - @ -8
Injection began Initial COz breakthrough (s plurme growth @2 plurme growth {02 plurne grows 0 plumne growth
1 Decz009 widerand thicker

B
Lawrence Livermore National Laboratory LLE

oDEcaTigan

C. Carrigan, X Yang, LLNL
D. LaBrecque Multi-Phase Technologies




CFU31F-2, away from injector SF6
2"d SF6 on May 9  Arrive on May 20
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Pressure, psig

Wellhead pressure indicating

breakthrough
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Pressure Monitoring in AZMI (Above
zone monitoring interval)
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Pressure [MPa]

Field Observation
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(not scaled)
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« COMSOL: simulation model

¢l Graphics
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Pressure [kPa]

Matching pressure in AZMI
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4 D seismic- Historic data history
matching (1942-1967)
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Ternary saturation map (1942)

oo Ternary 1942-06-01 K layer: 1]
. —x_\ — - TT T T T T T[T I T T T T I T T[T I T T T T T T T[T I T T T TTTT[TTTTT0 [Gser hosseinis
I 230,000 240,000 250,000 260,000 - |Date: 6/13/2014
4000 \ _| [Scale: 1:89075
g | ] Ivix: 1.00:1
< 3500 | / - |Axis Units: ft
B g | Bubble Plot:
:E 1000 I, — Simulation S Cumulative Oil SC
£ . / 8 -! |Bubble Units: bbl
£ 2500 \ A <
g Vo i
& F,
£ 2000 Wi | Sg
T o a 1.00
£ 1500 -
i o
1000 S
=
S |
Luli] ™
0 41.00 1.00
Jan-41 Now-47 Oct-54 Aug-l Jun-68 Apr-75 Feb-B2 Dec-BB Dct-95 Sep-02 Jul09 7 Sw So
Date _
% § ~ Min Values:
E s Sw =0.000
3 ® | So=0.000
- Sg =0.000
_ International Journal of Greenhouse Gas 3 1
QR Control 1 0.00 1.00 2.00 miles
e ';'A - O . —
S ubhe voiume 18, Ocloter 2013, Pages 448462 0.00 1.50 3.00 km —
é . O . —
230,000 240,000 250,000 260,000 _
I I ‘ I T Y I T Y I T Y ‘ N Y N B
Static and dynamic reservoir modeling for geological CO,
sequestration at Cranfield, Mississippi, U.S.A. 25



Ternary saturation map (1966)

Average Reservoir Pressurre (psi)
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Average Reservoir Pressurre (psi)

Ternary saturation map (2007)
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CO, Injection Simulation (2007-2010)
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CO, Injection Simulation (2007-2010)
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CO, Injection Simulation (2007-2010)
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CO, Injection Simulation (2007-2010)
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Injection
began July
15, 2008

—

A
/

‘;Y‘ :!-— - ¥ ’
e e

—  INIW

- '2_ - 7'|>'

e
-
i) &

r ¥

R ]

X

o
<
.

Yot

32



Comparison to 4-D Seismic

Red and brown areas are high
gas saturation regions

Arvtonta/annny =
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Presentation Outline

* Monitoring the shallow subsurface — what
would response to leakage or migration
look like?



Monitoring the shallow subsurface —
what would response to leakage or
mlgratlon look like?

A Groundwater sampling
point at each

Injector
_ Pluggedand ) Selected
abandoned soil gas
._ well — monitoring
O Producer points

35
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Groundwater at the Cranfield Site:
Sampling

= More than 12 field campaigns since 2008
= ~ 130 groundwater samples collected for chemical
analysis of

Cations: Ag, Al, As, Ba, Ca, Cd, Cr, Cu, Fe,
K, Mg, Mn, Mo, Na, Pb, Se, Zn

Anions: F, ClI, SO,%, Br, NO;, PO,*
TOC, TIC, pH, Alkalinity, VOC, 6C13

On-site: pH, temperature, alkalinity, water
level

= ~10 samples for noble gases
= ~20 groundwater samples for
dissolved CH, |

C. Yang, BEG



Groundwater at the Cranfield Site
Sampling

* Results (prior to 2013) were summarized in the

peer-reviewed paper

* No obvious change in
groundwater chemistry
was documented

« A step-wise working
procedure for
groundwater chemistry
monitoring was proposed

Step 1. Characterize shallow groundwater geochemistry

1k

Step 2. Identify a set of geochemical parameters for

detecting CO: leakage

Step 3. Test and validation ;

| Mumerical modeling l Application

| Lab experiments l

Field experiments
{(Push-pull tests)

Step 4

Groundwater chemistry
monitoring for detecting
COz leakage

Near-Surface Monitoring of Large-Volume
COs Injection at Cranfield: Early Field Test
of SECARB Phase lli

Changbing Yang, Katherine Romanak, and Susan Hovorka, University of Texas at Austin; Robert M. Holt,
University of Mississippi: Jeff Lindner, Mississippi State Universi tA

C. Yang, BEG

ty: and Ramon Trevino, University of Texas at Au

stin

QAel1ED

SPE JOURNAL




Groundwater at the Cranfield Site
Laboratory and Modelling

» Test response of groundwater chemistry to CO,
leakage under laboratory conditions

« Samples of sediments & groundwater collected
« Bubbled with Ar for a week, then with CO, for

~half year
Pros: easy to do, little cost
Cons: Non-realistic conditions

= Modeled concentrations of major ions showed overall increasing trends, depending on
mineralogy of the sediments, especially carbonate content.

= Modeling results suggested that reductions in groundwater pH were more significant in
the carbonate-poor aquifers than in the carbonate-rich aquifers, resulting in potential

groundwater acidification.

. Mobilization of trace metals was qugﬂ[gnplﬁgﬂ"mlﬂ e

likely caused by mineral

dissolution and release of surface |nverse Modeling of Water-Rock-CO, Batch Experiments: Potential
complexes on clay mineral Impacts on Groundwater Resources at Carbon Sequestration Sites
Surfaces Clunghmg Yang® T Thenxue 1']1.1i,I Katherine D, annmk,' Susan D, I-Tm-nrl:a,' and Ramén H. Trevifio’

C Ya.n BEG FII.||;'|, of Bconomilc Gealo 0¥, The Un niwersity of Texas at Austin, 10100 Burnct Road, Anstin, Texas 78758, United States
g *Earth and Envircnmental Sciences Divigion, Los Alamos Mational Laboratory, Los Alamos, New Mexico 87545, United State



Groundwater at the Cranfield Site
Single-Well Push-Pull Test

. ) CO2 + Tracar Groundwalar Sampling
. Maximum concentrations of trace - -
metals observed, such as As and Pb,

are much less than the EPA y )

contamination levels; I
« Single well push-pull test appears to be

a convenient field controlled-release

. . . Imjection Resting Pariod Pumping
test for assessing potential impacts of )
CO, leakage on drinking groundwater esting well
resources;
Results were summarized in the following : Gi's e 21

L Oy
2012 BN~ . 0282
L ] :

°
29-13

Cantents lists available a1 ScinnceDirnc

International Journal of Greenhouse Gas Control

journal homepage: www slsevier.com/locatelijgge

Single-well push-pull test for assessing potential impacts of CO, leakage on
groundwater quality in a shallow Gulf Coast aquifer in Cranfield, Mississippi
Changbing Yang**, Patrick J. Mickler*, Robert Reedy”, Bridget R. Scanlon*, Katherine D. Romanak*,
Jean-Philippe Nicot”, Susan D. Hovorka*, Ramon H. Trevino’, Toti Larson”

* Buresuy of Sconaeic Geology. Mhe Untiversily of Tenes of Auitie, 10000 Barner Rood, Bidg 130, Awutie, IX 78758 Unitnd Soatey
* Departmens of Coclegial Sciences, The Usiversiy of Teson ot Asstin, 2775 Speedway Stop (9000, Austin, TX TRT12-1722. Usited Sates

C. Yang, BEG — l 0 05 1 2kiometers Qhatens



Groundwater at the Cranfield Site
Numerical Modelling

» To assess sensitivity of
geochemical parameters to

Preliminary results were summarized
CO, leakage

in the following paper

Geochemical sensitivity to CO, leakage: detection in potable aquifers at
carbon sequestration sites

Changbing Yang, Susan D. Hovorka,
Wichael H. Young and Ramaon Trevino

Greenhouse Gases: Science
and Technology

Volume 4 Issue 3, pages
384-399 June 2014

Article first published online: 31 JAM 2014
Dol 10.1002/ghg. 1406

7
g9
| | e
]
T

_—
)

Dissolved CO, & DIC in groundwater are most sensitive to CO, leakage
Alkalinity is moderately sensitive, with the best response in the presence of
carbonates in the aquifer sediments while groundwater pH shows best response
in the aquifer sediments with little carbonates.

For monitoring purpose, dissolved CO, & DIC are better indicators than pH and
alkalinity in potable aquifers at geological carbon sequestration sites.

C. Yang, BEG



Groundwater at the Cranfield Site
Next Steps

» Continue field campaigns for groundwater sampling

» Comprehensively analyze the field results on groundwater

» Compare our groundwater study at the Cranfield site to other
sites, such as Weyburn,...

» Conduct reactive transport modeling
= A preliminary model was
completed in 2012 by QEA
= The new model will focus on
assessing
» Impacts of natural
groundwater flow on CO,
leakage monitoring and
change in groundwater quality
» Heterogeneity
» Monitoring well spacing




Airborne Magnetics for Characterization

Uninterpreted Identification of infrastructure and geologic variatblity

Four wells,
- strong signal

. -

Kilometers

| Magnetic Intensity (nT) ° Wells Residual Magnetic Intensity (nT)
w High : 274.5 Legend —rpipelines w High : 274.5
“~ Low 2183  Pine, Hovorka, Anderson, BEG — Roads == Low:-2183
Not found yet




Process-based Near-Surface Monitoring

Produce CO,
Concentrate CO,

Vadose
zone Ly Ty L

Consume CO,

Disperse CO,

Produce,
Plant activity Soil carbonate consume,
Organics — CO,  Soil moisture redistribute
CO,

Weather fronts

Katherine Romanak BEG



1950's pit

Katherine Romanak BEG

Gravel Pad

P&A well

4.02
101 100 _ . = 2

1-02
o -9k

-

3-01

3.02

Background
Well

Pad, Pit, Plants,
P&A well

Localized
monitoring
beginning Sept
2009
13 multi-depth
soil gas sampling
stations - 5m
depth
Localized soll gas
anomaly at 1-03
— CH,<50vol. %
— CO,<45vol. %



Process-Based Monitoring

No need for years of background s
measurements.
] . ] 20 Biolcigical respiratifn
Promptly identifies leakage signal 2 N
over background noise. 3™ Oxidation of CHi
] ] i CHs + 202—> CO2 + H20
Uses simple gas ratios 5 -
(COZ’ CH4, N2’ 02) ° 7 Mixture ol
Can discern many CO, sources A ey, s s |
and Slnks COZ(%ZS Respiration and/or
- c . . mixing with air |
— Biologic respiration 001 : N:
1 1 on 4 Nzedaep:)ale;ed e:;itf:?:d
- C02 dISSO|UtIOn 30 Isigl;ngl signalI
— Oxidation of CH, into CO, o '
(Important at CCUS sites) P -
— |nf|ux air in‘[o Sediments %15- Biological Respiration
- C02 Ieakage 8 1:: // _____ ':A;_tr;;n_e-(-);;j;i;;--— 0 20 Nz(\jglume °Z§) 80 100
0 [ . . l
0 15 35 55
Katherine Romanak BEG N2/O:




Process-Based Monitoring

» Developed and tested at Cranfield

» Validated at ZERT Controlled-Release Field
Laboratory

» Applied at the Kerr Farm, Weyburn-Midale

Oilfield where landowners claimed leakage
» Used at Otway Project, Australia, and
considered for use at QUEST and Gorgon
» Being developed for use in offshore marine
environments
» Goal to collaborate with Mesa Photonics to
develop continuous monitoring capabilities
for upscaling

Romanak et al., in press, Process-based soil gas leakage
assessment at the Kerr Farm: comparison of results to
leakage proxies at ZERT and Mt. Etna, in press International
Journal Greenhouse Gas Control




“User-Friendly” Data Collection

« Simple data reduction
* No complex correlations with weather
« Graphical analysis can be done instantly

« Continuous monitoring capability will give instant real-
time leakage detection information.

25 100
90
20 8 1 Leakage | &
- n
. s %7 Field T
X 15 v 60 D
[+1] c —
£ = 50 o
3 S 5
S 10 O
2 o
~ 30
e J
20
5 10
0 [ .
0 60 70 80 90 100
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 N, (volume %)

CO, (volume %)

4/
Katherine Romanak BEG



Near-Surface Leakage Assessment

Generated
In-situ

.
Leakage

" Migration
Mechanisp.

Locate Attribute
Anomaly | | Source y
Exogenous Determine
2 the origin \

Katherine Romanak BEG




Accomplishments & Key Findings

 Accomplishments to Date
— Monitored CO, injection since 2008 I

— Injection through 23 wells, cumulative volume @
over 8 million metric tons

— First US test of ERT for GS

— Time lapse plume imaging with cross well
seismic, VSP, RST, and surface 3-D

— RITE microseismic — no detect
— Groundwater sensitivity assessment push-pull

— Recognized by Carbon Sequestration Leadership 8 o i LR
Forum (CSLF) in 2010 for research contributions =5t wor ow e e nee ne re 50 s v 1 ]

— SIM-Seq inter-partnership model development
test

— Knowledge sharing to Anthropogenic Test and
other U.S./International CCS projects

« Key Findings
— Dense data allows assessment of fluid flow
measurement and modeling uncertainty
— Above zone pressure monitoring method viability
— Process-based method viable

1.00
0.93
0.26
0.79
0.71
0.64
0.57

T T T
08's  000'L Q0L'L 002

oo oo
R W =
B & w o

0.21
0.14
007
0.00

SB00  BF00 EBOD §800 T000 TAOD  T200 730
1 L 1 1 L L n 1
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Publications

Modeling and history<matching 10 Overview and synthesis 10

Groundwater
Characterization 3

Geochemistry a
tracers 4

Risk assessmen

d geomechanics 2

www.gulfcoastcarbon.org bookshelf >0



http://www.gulfcoastcarbon.org/

Future plans

« Knowledge sharing
— Technical, public and policy
— Closure issues
— CCUS concept
« Analysis of data collected
— Joint/comparative inversions
* Whole plume inventory
« Uncertainty methodologies ==
» Airborne geophysics
« Continued data collection
— Continue groundwater and soil gas observation
— Final use of DAS obs. wells
* CO, geothermal test
» Pressure interference for leakage detection

51
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Program Goals — Early Test (1)

Predict storage capacities within +/- 30%

Well known based upon production history; Early Test

advanced the understanding of efficiency of pore-volume occupancy (E factor).

Success metrics: Measure saturation during multiphase plume evolution
(completed). Increase predictive capabilities (modeling underway).

Evaluate protocols to demonstrate that 99% of CO, is retained

Permanence of geologic system well understood prior to test because of
retention of large volumes of hydrocarbon.

Retention uncertainties lie in well performance. Early Test is evaluating
methods to assess well performance.

Success metrics: Measure changes above the injection zone along well, above
zone monitoring interval (AZMl), and at surface (P-site) over long times (near
complete)

Contribute to development of Best Practices Manuals

Early Test researchers have contributed to Best Practices Manuals on MVA,
characterization, risk and modeling. Assistance has been provided on related
protocol development, including IOGCC (U.S.), Pew Center accounting study
(U.S.), IPAC-CO, (Canada), and CO,-Care (EU), FutureGen 2 (PNNL) review,
BGS, IEAGHG networks, and others.

54



Program Goals — Early Test (2)

Goal 1 - Injectivity and Capacity

. Advanced understanding of efficiency of pore-volume
occupancy (E factor) by measuring saturation during
multiphase plume evolution.

* Increase predictive capabilities through modeling.

Goal 2 - Storage Permanence

. Measure changes above the injection zone along well, above zone monitoring interval
(AZMI), and at surface (P site) over long times (underway)

Goal 3 - Areal Extent of Plume and Potential Leakage Pathways

« Measured down-dip extent of plume via VSP and 4-D seismic to improve the uncertainty
regarding the radial flow (down dip/out of pattern) in the 4-way closure.

* Increase predictive capabilities through modeling

Goal 4 -Risk Assessment

* Saline storage site is located in EOR field with operator owning CO..
+ Completed certification framework assessment of leakage risk.

« Confirmed well performance as highest uncertainty and focus of monitoring research.
*+ Geomechanics and RITE/WESTCARB microsiesimic study

95



Program Goals — Early Test (3)

Goal 5 - Develop Best Practices

* Participated in developing BPMs for MVA, characterization,
risk and reservoir modeling.

Goal 6 - Public Outreach and Education

* On-site outreach handled by Landmen.

« SSEB and Early Team focus on O&E in public and technical arenas.

* Hosted site visits, responses to local and trade media, Fact Sheets, and website postings
of project information.

Goal 7 - Improvement of Permitting Requirements
*  Permits obtained by site operator.

* Project team focus is on development of regulatory framework for GHG.

* Provided experience with monitoring instruments and well performance to decision
makers.

56
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Partnership
Early Test at Cranfield
Status 2015
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Carbon Storage R&D Project Review Meeting
Transforming Technology through Integration and Collaboration
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SECARB Phase lli

EPE' ELECTRIC POWER
RESEARCH INSTITUTE
Anthropogenic Test

Capture: Alabama Power ‘s Plant Barry,
Bucks, Alabama

Transportation: Denbury

Geo Storage: Denbury’s Citronelle
Field Citronelle, Alabama

Gulf of Mexico

= Walls in Woodhings | e e—
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N
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Denbury Resources’ Cranfield Field
Near Natchez, Mississippi
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CO, Transportation: Denbury
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Highlights

* Project status — fieldwork completed
(Hovorka)

* Modeling status — history match to 4-D
seismic (Hossieni)

» Assessing Impacts of CO, Leakage on
Groundwater Quality and Monitoring
Network Efficiency (Yang)
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Fieldwork Completed!

« Last stages of project:

— Pulse testing (Sun) and thermosyphon (Freifeld,
LBNL) completed in January 2015

— Well integrity data collected (Duguid/Schlumberger/
Battelle)

— P&A and final data collection completed in April, 2015
« This concludes field phase of Early Test
— Denbury commercial EOR will continue

— DOE program work will extract lessons learned and
conduct technology transfer



Heat exchanger

Vent system

Photos by Lu



Thermosyphon
(Barry Freifeld)

3

Heat extraction

80 m

|

DOE program
combining CCUS

and geothermal;
LBNL lead

NETL Geothermal program



Harmonic Pulse testing for
Leakage (PIDAS)

Alex Sun

80 m

Pressure gage in
observation well

Q

Controlled
release to
simulate well
leakage
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Plugging Procedure Overview

ente

* Final Repeat RST

« “Kill” F2 and F3 wells

« Remove packers

« Squeeze Tuscaloosa perforations, test

* Logging, Sonic, USIT, gyro

« Schlumberger sidewall cores

* Fluid sampling and hydro tests in AZMI

« Squeeze AZMI perforations

« Cement and abandon according to MO&G Board rules
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Next steps

5
T

* Analysis of data collected — value and best
practices to commercial CCUS monitoring

— Publications

* Technology transfer
— Current commercial projects
— International collaborators
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History matching and reservoir simulation

Seismic Surveys
2007 Baseline
2010 Repeat

— Pipeline
Structure Contour
Access roads
Tuscaloosa WWalla
Residual

fluids

4 Ring

B cos cap 12
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Simulation parameters
Water-Oil Relative Permeability
Parameter Value "1
Pressure 32 MPa
Temperature 125 C
Thickness 24 m “o
Depth 3060-3193 m
Historical production  1943-1966
CO,-EOR 2008-2011
Oil-Gas Relative Permeability
Parameter Value 1
Reservoir Simulator CMG
Number of grids 124 x149x20
Grid size 61%x61%1.2 m ;:ﬁ::
Total number of grids 369,520
Boundary condition Active aquifer
Facies Sand/shale
Geochemistry neglected T rvaeervassr v 13

Sw

—a—Krog-Sand —e—Krg-Sand - 4- Krog-Shale - -©- Krg-Shale
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Static model development

Permeability range is 0.01-4400 md and porosity range is 0.0002- 0.45.

sealing fault

Area of
Study
Porosity map Permeability map (log scale)
Hosseini, S. A., Lashgari, H., Choi, Jong-Won, Nicot, J. -P., Lu, Jiemin, and Hovorka, S. D., 2013, Static and dynamic reservoir modeling for 14

geological CO2 sequestration at Cranfield, Mississippi, U.S.A.: International Journal of Greenhouse Gas Control, v. 18, p. 449-462.
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History Matching of Historic Production
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Pressure restores 1966-2008
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Saturation distribution
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History matching of CO,-EOR

-
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Performance of fluid flow model
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4D seismic vs fluid flow simulation
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Future Modeling

Investigate residual gas distribution Iin
more detail ( adjust bubble point, better
match for blowdown)

Extending forecast simulation

Investigating effect of development
strategies on reservoir response

— Continue CO,-EOR
— Transition into pure storage

Post injection simulations

21
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« Field campaigns for
groundwater sampling

« Lab experiments of water-
rock-CO, interactions

« Single-well push-pull test
No CO, leakage signals
have been detected.

O bJ eCtlveS /A E;(.istinvgi groundwater wells
. . 0 2000 4000 6000 8000 10000
Use reactive transport modeling X (m)

» Assess impacts of CO, leakage on groundwater chemistry
« Evaluate monitoring network efficiency

Yang, C.; S. D. Hovorka; R. H. Trevifio; J. Delgado-Alonso, Integrated Framework for Assessing Impacts of CO2 Leakage on

Groundwater Quality and Monitoring-Network Efficiency: Case Study at a CO2 Enhanced Oil Recovery Site. Environ Sci Tech
49: 8887-8898 (2015).

Yang, C; R. H. Trevifio; S. D. Hovorka; J. Delgado-Alonso, Semi-analytical approach to reactive transport of CO, leakage into
aquifers at carbon sequestration sites, Greenhouse Gas: Science and Technology, accepted.
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Regional-Scale Reactive Transport Modeling (RSRTM)

Aquifer simplification
(shallow, confined,
homogeneous,
groundwater flows from

right to left); gff
Geochemical interactions e
of water-rock-CO, tested i Ew Groudiater

and validated with
laboratory experiments & 7w e
the field test

CO, as dissolved phase in either fresh groundwater or

brine
CO, leakage rate from 0.9 to 100 metric ton/yr
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Potential impacts of CO, leakage on groundwater chemistry
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Run1: 50.3
BR1: 37.3
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J=0.5%

 TDS exceeds the EPA MCL if brine
is leaked;

* pH degradation

« Mnis a concern
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Potential impacts of CO, leakage on groundwater chemistry

2x10° L S
10000f | 7 premmmmeeeeeeeeeees
I— T g _i é\1x10's - Ba ~6x10° |- Zn
8000; " s © 2 3
— [ ’ OOO%Z ° I E8x10° | £ 4x10° |
& 6000; I, cg;os o | @ | 8870 & 55000 o Oo— N
- L e 8 Faxot | 2x10% -
S - Iooooooowo:: 0 0 | Opoooloo 00 0 0 0)0 O GO0 0 DD ORI
I Dog , o o R oo I B
OOODSD SOZOOO 16X10' -8
2000 S T e T AL T ———
=1.2x107 _—6x10* | Pb
I F =]
o 3000 6000 9000 E80x10° - AS E 4x10°
2 5 88 A dasas sy
X (m) <4000’ & 2x10° _ﬁi?nrﬂ o
0.0 Spooaie colnnmsis o o 22900 0000000 oo
Leakage rate 0 10_20 30 40 50 0 10 20 3 40 50
. Time (Years) Time (years)
metric ton/yr
O Rl [] BRT A BR2--=--- EPA MCL

Run1: 50. _
BE{]: 37_?3 « Simulated conc. < EPA MCL

BR2: 50.3 « Ba and Pb increase caused by
J=0.5% brine leakage



UNIVERSITY OF

TEXAS WHAT STARTS HERE CHANGES THE WORLD

~— AT AUSTIN —

Y (m)

Potential impacts of CO, leakage on groundwater chemistry
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Potential impacts of CO, leakage on groundwater chemistry
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Monitoring Network Efficiency

ME=W1d /WIT
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monitoring network is higher than one standard deviation of the
groundwater chemistry data collected in the shallow aquifer over the last

6 years.
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Monitoring Network Efficiency
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Monitoring Network Efficiency

Leakage rate=37.7 metric ton/yr; J= 0.5%
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Comparison of ME with dissolved

CO, as indicator for the 9 monitoring
networks

Well densities for MN4 and MN5 are
0.223 wells/km2; ME of MN4 is ~2
times of ME of MNS5, suggesting well

locations are important

Comparison of ME for a) with pH,

dissolved CO, and DIC as indicators for

the two monitoring networks, MN1 and >
MN8
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Monitoring Network Efficiency

Leakage rate: metric ton/yr Regional hydraulic
gradient
Monitoring LR1: 0.94, LR2: 6.28
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Summary

* Model outcome: No obvious degradation in groundwater
quality (except degradation in pH) if only CO, is leaked.
Salinization would be problematic if brine+CO, are
leaked.

» Dissolved CO, appears to be a better indicator than DIC,
pH, alkalinity for CO, leakage detection at the CO,-EOR
site, however, dependent on regional hydraulic gradient,
leakage rate.

* Monitoring network efficiency depends on regional
hydraulic gradient, leakage rate, flow direction, and also
aquifer heterogeneity. Impact of dispersion coefficient
could be neglected.
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Summary

» The existing groundwater wells can monitor CO, leakage
from up to 60 P&A wells and MN8, the ideal monitoring
network which consists of 35 water wells can detect CO,
leakage from almost all P&A wells.

« Site characterization + lab experiments + single-well
PPTs + RTM could be enough for risk assessment.
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Model calibration with laboratory and field tests

To understand responses of groundwater chemistry to CO,
leakage under laboratory conditions

10
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Model calibration with laboratory and field tests

C02 + Traor mh&"“’"“ Single well push-pull test
\T\
Testing well
Injection B Resting Pariod e Pumping , A

Top boundary

— i
——— 1 I

Bottom boundary

Aiepunoq |eJaje]




THE UNIVERSITY OF

TEXAS WHAT STARTS HERE CHANGES THE WORLD

~ AT AUSTIN —

Model calibration with laboratory and field tests
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Presentation Outline

e Jerry Hill, SSEB
e SECARB Overview

e Jerrad Thomas, Southern Company
e Capture Unit Overview
e Capture R&D Accomplishments

e Rob Trautz, EPRI
e Storage Overview
e Storage R&D Accomplishments
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SECARB Phase lli

EPE' ELECTRIC POWER
RESEARCH INSTITUTE
Anthropogenic Test

Capture: Alabama Power ‘s Plant Barry,
Bucks, Alabama

Transportation: Denbury

Geo Storage: Denbury’s Citronelle
Field Citronelle, Alabama

e
Early Test

Denbury Resources’ Cranfield Field
Near Natchez, Mississippi

CO, Source: Denbury e — L

. Gulf
CO, Transportation: Denbury Coast

Carbon
Center

Saline MVA: GCCC

{'E:—/J'- J— Ogé@o = EPRI A  soummmna Denbury6 °

'~zm sore” e Advanced Resouross COMPANY

International, Inc.



SECARB Phase lll Anthropogenic Test

Carbon capture from Plant Barry

(equivalent to 25MW of s 1

electricity). L
12 mile CO, pipeline constructed
by Denbury Resources.

CO, injection into ~9.400 ft. deep
saline formation (Paluxy) above [« ]
Citronelle Field = Zesn

Monitoring of CO, storage during - e
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Plant Barry 25 MW Demo

Jerrad Thomas | Research Engineer
Southern Company Services, Inc.

SOUTHERN




Carbon Capture and Storage Projects

National Carbon Capture Center
 U.S. DOE facility operated by Southern Company.

* Accelerates commercialization of technologies.
+ Coal or natural gas constituents tests.

 Enables coal-based power plants to achieve near-zero emissions

= ——

25-MW CCS Demo at Plant Barry
* 90% CO, capture.

» Capture, compression, transport, sequestration.

» ~115,000 tons sequestered, ~240,000 tons captured.

» Largest CCS facility on a fossil-fueled power plant in the U.S. / -:'-t"“ .

Kemper County IGCC project
+ 582 megawatts of power.

« State-of-the-art coal gasification design.

Will use a four-billion-ton reserve of Mississippi lignite.
Affordable, abundant, but little-used natural resource.

Will capture at least 65% of its CO, emissions for EOR use.

Will reduce nitrogen oxide, sulfur dioxide and mercury. x
SOUTHERN &=
COMPANY




Project Overview

 Located just north of Mobile,
Alabama at Alabama Power Plant
Barry

» Largest CO, capture project on a
coal-fired power plant in the United
States

* First CO, pipeline permitted and
constructed in the State of Alabama

Barry CCS 25 MW
Demo

» First integration of a CO,, capture
plant on a coal plant with pipeline

tranls.pc_)rta’flon and injection for SOUTHERN A%



Information and Goals

« CO2 Capture and Compression
« SCS/MHI collaboration with partners
« KM-CDR capture technology
« Transportation and Sequestration
« DOE SECARB Phase lll “Anthropogenic Test”

 100-300 kMton of CO2 will be injected into a
saline formation over 2-3 years

* 12 mile CO2 pipeline to Denbury Resources,
Inc. injection site into Citronelle Dome

« Objectives/Goals

 Advance saline sequestration technology
through large field test

 Characterize CCS operations to support larger
scale development and deployment

« Continue outreach and education to ensure
seamless deployment

SOUTHERN A
COMPANY °©



CO2 Capture Plant

Flue gas demister and outlet ‘ :
-
CO, absorber (lower) and
Water wash (upper) column "\

""S

” Y .
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Solvent regeneration (“CO, stripper”) column
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Flue gas
© _ quench
column
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A
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CO, compression and

dehydration unit
o ;

vy

[l

LN

SOUTHERN ‘4x
COMPANY °




Plant Performance

« Gas In for CO, Capture Plant: June, 2011
« Commissioning of CO, Compressor: August, 2011
« Commissioning of CO, Pipeline: March, 2012
« CO, Injection: August, 2012
(America’s Largest Integrated CCS from a Coal-fired Power Plant)
Items Results
Total Operation Time hrs >10,000
Total Amount of Captured CO, metric tons >220,000
Total Amount of Injected CO, metric tons 114,000
CO, Capture Rate metric tons per day 500
CO, Removal Efficiency % 90
CO2 Stream Purity % 99.9+
Steam Consumption ton-steam/ton-CO, 0.98 \
SOUTHERN &=

COMPANY



Project Test Items

Item

Main Results

Baseline mass and
heat balance

Verified that steam consumption was lower than expectation under the
design condition (CO, removal efficiency: 90%, CO, capture rate: S00MTPD).

Emissions and waste
streams monitoring

Successfully demonstrated amine emission reduction technologies under the
various SO, concentration condition (2013)

Parametric test for all
process systems

Verified operation performance under several controlled operating parameters
changes. (2011-2012)

Demonstrated several improved technologies for the cost reduction. (e.g. MHI
Proprietary spray distributor) (2013)

Performance
optimization

Achieved 0.95 ton-steam/ton-CO, by optimizing steam consumption. (2011)

High impurities
loading test

Verified that the amine emission increased as a result of higher SO, loading.
(Oct. 2011) Verified that the impurities were removed from the solvent by
reclaiming operation. (2012, 2013)

SOUTHERN A
COMPANY '




(1) Amine Emission Evaluation

* Amine emissions increased significantly with a small amount of SO3.
 MHI’'s amine emission reduction system decreases amine emissions down to
less than 1/10 of the conventional system

KS-1™ Emission

@ MHI Conventional System

# Amine Emission Reduction System

i ] More than 90%
o Reduction

¢ ¢

o ¢ ¢

SO; Concentration

Fig. Relationship between SO, conc. and solvent emission

Low SO in the gas

High SO, in the gas

o
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(2) Improved Technology

» Proprietary spray type distributor developed by MHI to reduce weight of tower
internals

» Keeping the same performance as the trough type distributor approximately
50% cost reduction of tower internals was achieved

Fig. Spray Type Distributer
Fig. Trough Type Distributer (MHI Proprietary)
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High Efficiency System

e



Project Scope

* Integrate a 25 MW waste heat recovery technology
termed Mitsubishi High Efficiency System (HES) into 25

MW CCS plant and Plant Barry, Unit 5

* Recover low grade waste heat in flue gas and CO, to
preheat condensate replacing LP steam

» Evaluate improvements in the energy performance and
emissions profile of the integrated plants

« Employ 0.5MW mini ESP to test effect of HES on SO3 and
trace metals emissions

SOUTHERN A
COMPANY



Total Project Budget ($MM)

DOE Share
B Cost Share

12.3

SOUTHERN A
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Flue Gas Cooler captures SO,

* QOperates downstream of the APH

» Mechanism for removal of SO, from flue gas
+ S0;(9) + H,0 (9) --> H,S0, (9)
* H,S0,(9) > HyS0, (1)
» H,50, (I) condenses on fly ash in flue gas and a protective layer
of ash on tube bundles
» Flue Gas Cooler tube skin temperature < SO, dewpoint
» Alkaline species in fly ash (Ca, Na) neutralize H,SO,
» Silicates, etc. physically adsorb H,SO,

SOUTHERN A
COMPANY



Other benefits of Flu

e Gas Cooler

* Improve removal of
 Reduce AQCS cost

g, Se, SO, across the ESP

* Improve ESP performance
* Improve FGD performance
* Improve CCS performance

» Potential to simplify boiler/steam turbine cycles
* Improve plant heat rate

SOUTHERN A
COMPANY



PROJECT = Boiler feed water will be heated with
CO2 Cooler and Flue Gas Cooler

Flue Gas —_—

Boiler Feed Water ——
Flue

Gas
Cooler

269°

Steam Cycle

Boiler Feed Water
90°
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BP3 completes March 2016

 FEED and Target Cost EstimaV\
* Permitting

* Engineering, Procurement, ¢
Construction

» Operations
* Field Testing Analysis

SOUTHERN A
COMPANY



Remaining project work

Complete

Operations

Constructi and Testing

on

Dec 2014 May 2015 June 2015 - Nov 2015

» Verify efficiency

« Estimate reduction in FGD water use
 Measure corrosion, erosion

« Test water quality

» Measure SO, trace metal removal ”ngg':ﬁ



Thank Youl!

For more information please contact:

Jerrad Thomas — Southern Company Services
Project Manager for CCUS and Research Engineer
Email: JERRTHOM@southernco.com
Tel: 205-257-2425

SOUTHERN A
COMPANY 22
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Storage Project Objectives

‘ "“" « - . 'L; = ‘- /‘ 4 -~ ,_:12.7" 2011
Power Plant Capture Transport

. Test the CO, flow, trapping and storage mechanisms of the Paluxy Formation
. Demonstrate how a saline reservoir’s architecture can be used to maximize CO,

T PR »

oM

.';".Jl"

Storage

storage and minimize the areal extent of the CO, plume

. Test the adaptation of commercially available oil field tools and techniques for

monitoring CO, storage

. Test experimental CO, monitoring activities, where such technologies hold

promise for future commercialization

. Begin to understand the coordination required to successfully integrate all four

components (capture, transport, injection and monitoring) of the project

. Document the permitting process for all aspects of a CCS project

A

Largest demonstration of CO, capture, transportation, injection, monitoring
and storage from a coal-fired electric generating unit in the United States |

e -
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Storage Site Overview—Citronelle Oilfield

> -10.5001 [ - 120000 -12500m
~1050010 -11000% [T7] -12.50080 130001
100010115008 [ <-13000
1150010 120008

Stratigraphic Unit

saueg

Major Sub Units

Potential Reservoirs
and Confining Zones

S
“Sid

Citronelle Formation
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Bucatunna Clay

Aeua)

mmmm
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Storage Project Status

Alabama Department of Environmental Management

(ADEM) issued Class V permit, Nov. 2011

ADEM granted permission to inject on August 8, 2012
» Injection commenced on August 20, 2012

Injection ended September 1, 2014
» Approximately 114,104 metric tons of CO, injected

A crosswell seismic survey acquired in June, 2014
captured a time-lapse image of the CO, plume

Other testing and monitoring activities have indicated
containment

The project entered the Post-Injection Site Care Period on
September 2, 2014

Site closure based on demonstration of CO,
containment and non-endangerment of USDW

I= ELECTRIC POWER
A © 2015 Electric Power Research Institute, Inc. All rights reserved. E EI | RESEARCH INSTITUTE
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Anthropogenic Test MVA Program

— p— pp—— — — —————————

N ) e . 'D- =\ /-V.]
1 In-zone & Above-zone monitoring N AoR: 1,700 ft radius ) Ll N
wells (D-4-13 and D-4-14) 53 from D-9-7 TS
il New L7
A Characterization

Well (D-9-8#2)

o 10:12 ()
1;..., s \_/

| \,\ Back-up Injector/New

Multiple lines of evidence to
confirm CO, containment include:

« Soil CO, flux

« PFT monitoring

* Crosswell Seismic and VSP
surveys

* PNC logging (above zone
saturation)

* Pressure monitoring
Assure non-endangerment of
USDWs

* Monitoring geochemistry of

multiple aquifers

‘ |, | Observation Well (D-9-9%#2) || *® MOnltOnng reSUltS are Used to

S inform the reservoir simulation

e } )
f PFT momtormg Iocatlon ' ,f:-,.
CAL LA 7 7 ADAB6 7 T oS / A4 = N/
r‘ + So:l Flux momtonng station R J i Ve Miles

N 7 M P2, - - —
= ELECTRIC POWER

MA}_ © 2015 Electric Power Research Institute, Inc. All rights reserved. EPEI Rlii“i“ ?ME”UL



MVA Elements and Frequency

MVA Method

Frequency
Milestone
. (Baseline,
Continuous | Monthly | Quarterly Annual .,
Injection,
Post)

Shallow

Soil flux

Groundwater sampling (USDW)

PFT survey

Deep

CO2 volume, pressure & composition -

Reservoir fluid sampling

Injection, temperature & spinner logs

Pulse neutron logs

Crosswell seismic

Vertical seismic profile (VSP)

Experimental

Distributed Temperature Sensing (DTS)

Comparative fluid sampling methods

MBM VSP

Distributed Acoustic Sensing (DAS)

MBM VSP & OVSP Seismic

30 ‘)

© 2015 Electric Power Research Institute, Inc. All rights reserved.
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CO, Containment—Soil CO, Flux and
Tracer Monitoring

Soil CO, Flux

Collection Date

* 0971 ®mD972 A D973 D974 0991 e D992

Tracer Results

Well Innoculation Jun-13| Nov-13] Mar-15

D-9-1 ND ND ND ND

D-9-2 ND ND ND ND

D-9-3 ND ND ND ND

D-9-6 ND ND ND ND

D-9-7 ND ND ND ND

D-9-8 Invalid Data ND ND ND

D-9-9 ND ND ND ND

2 D-9-9 ND ND ND ND

: D-9-10  |invalid Data ND ND ND

%, % ||p-9-11 |ND ND ND ND
s s “ZIPRAXAIR

Soil CO, results appear to vary as a function of mean temperature and
tracer surveys have been non-detect

31 A
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Deep Monitoring— Schlumberger
Time-Lapse Crosswell Seismic

» Crosswell seismic surveys allow for high-resolution mapping of
the acoustic travel time (velocity) and seismic reflectors between
a pair of wells

« When CO, displaces water in the formation, it changes the
acoustic impedance of the rock

 Acoustic wave decreases and its direct travel time increases

* Results from “repeat” surveys performed during or after CO,
injection can be compared to a pre-injection “baseline” survey to
image the extent of the CO, plume (referred to as “time-lapse
imaging”)

« Baseline and repeat 2-D crosswell seismic surveys were
performed between the injection well and the observation well

32 A [= ELECTRIC POWER
© 2015 Electric Power Researc h Institute, Inc. All rights reserve d. C El | RESEARCH INSTITUTE
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Crosswell Survey Configuration and
Parameters

* Pre-injection baseline survey acquired
on January 19-26, 2012

» Repeat survey was acquired on J L J[, L
June 14-23, 2014 |

« Source Type: Piezoelectric — deployed

or |

tl..

i

in D-9-7#2 well f
¢ ReCeiver type: HydrOphone - 10 |eve|S Baseline (—)cmule;c-ntD-Q-{%} Repeat Comolet:-on (D-9-8)
- deployed in D-9-8#2 well Schematic showing the open well completion in

observation well D-9-8 during the baseline survey (left)

e 842’ between D-9-7#2 and D-9-8#2 at and packer/tubing completion during the repeat (right)
reservoir depth

Receivers were deployed in the open well during the baseline survey and
inside the MBM tubing/packer assembly during the repeat survey, thus
changing the data acquisition configuration

33 A ELECTRIC POWER
P e 2 © 2015 Electric Power Research Institute, Inc. All rights reserved. Cl E' | RESEARCH INSTITUTE
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Baseline Survey Results

Velocity tomograph and reflection
image (right) provided a good
representation of the reservoir and
confining unit

 ~10 feet vertical resolution

No reservoir or confining unit
discontinuities or small-scale faults
were observed in the reflection data

Layering observed in the Upper
Paluxy will help disperse the CO,
plume, thus minimizing its footprint

Baseline velocity tomogram should
be of sufficient quality for time-
lapse CO, plume imaging

Atvarced dmscoree
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Composite image mapping the seismic
reflections (squiggles) superimposed on top of the
velocity tomogram (colored background)

ELECTRIC POWER
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Comparison of Baseline and Repeat Data Quality

35

. . . Poor qualit
First arrlv_als and reflection data from First Arrivals or “Picks’ reflection d‘;ta
the baseline survey have strong AN /
amplitudes and little noise, kbt

;‘/i R RN
It G i

representing good quality data

The first arrivals for the repeat survey .
are fairly “weak” probably due to
signal attenuation caused by
deploying the hydrophones inside the .
“stiff” production tubing and packer

Figure I-3. Profile D-3-8 - D-9-7 baseline and monitor raw data comparison

The reflection data that follow the first
arrivals are noisy and of poor quality  Side-by-side comparison of a baseline (left)
for the repeat survey and repeat (right) shot gather

There is a noticeable decrease in the signal-to-noise ratio (SNR) between
the baseline and repeat surveys, which limits data interpretation

l= ELECTRIC P A
A © 2015 Electric Power Research Institute, Inc. All rights reserved. C El | RESEARCH Fescwrcon
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Comparison of Crosswell Reflectors

Baseline Repeat
Tomogram Tomogram
Strong, continuous Weak and/or
reflectors discontinuous reflectors
| : | |_ s
& N i up>
ral | X - ==
'5*- g’- -‘; ##Confining Zone et - - %
5 - = EEN -1 -
“er—'.-'ﬁ" A "C' [] -~ - r:,‘_t_
5N _I= § 15 [
] 15 E ui 1™ B
g 2 se-El 2 |E- Qi No reflector was
ZE] AN % 2 '§ detected at or
3 (- = |- =8 =, i
i ?f‘-' ?-L‘:f.’”‘ e :é = - _?-\ near the top of
Eal == N ————— -
2| %:‘f‘zi EaN o the CO, where
3- i -3 EEN -1 one should be
CENE” E 13- 5 - - ”
. ti—,-§ = -5 % B 3 é? g_ present
1 | Ll R i2
T—-T F SRS MRE S B i_._ e s ﬁ:.

|
v,

H

-

Figure -4, Profiie D-9-8 - D-9-7 baseline composite image Figure 6 Profie 0:6:8 = D:9:7 monllor composite kiage

Reflection data from the repeat survey are of poor quality and limited use.
Likely cause is interference by tube waves moving up and down the well

36 A ‘= ELECTRIC POWER
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Time-Lapse Differencing Using the Baseline and
Repeat Velocity Tomograms

changed over time

 First arrivals from repeat survey I e
were of sufficient quality to s T
. 9 . y & ""_*“_ No significant negative :r{? "'%':
produce a velocity difference === =~ | velocity anomalies «g ;{_
image (right) showing regions FimEs : i =
where seismic velocity has = | =~ 2 conmingzon

t

- Time-lapse difference image : »‘ S
indicates a decrease in seismic - °
. . . . . - g = u!ﬁe&‘
velocity in the upper injection zone . =1 = _ | ’g“ =
o . = | £ || Decreasein velocity |l = = |
of up to 3%, suggesting an == 2| (negative anomaly) = =]
- - - T 2 -3
increase in CO, saturation ESNE =
e, = = = | s
. . . - M= |
More importantly, no negative velocity ;3’_.,. = g2
anomalies are observed in or above = =2 -] B=

et

the confining unit...implying no
. Pixelized difference tomography results without seismic
detectable Ieakage out of Inj. Zone reflection overlay showing positive velocity differences

in warm colors and negative differences in cool colors

37 A l= ELECTRIC POWER
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Plume Image Comparison with Spinner

Surveys
; « Time-lapse image shows CO, plume
— located primarily in Paluxy sands F-H
» October 2013 spinner survey show these
sands taking only 10% of the flow
Sand| Sand Unit Properties (ft) |Nov2012|Aug 2013|Oct 2013
Unit|Bottom Top Thickness| Flow % | Flow % | Flow %
J 9,454 9,436 18 14.8 18.7 16.7
| 9,474 9,460 14 8.2 20.4 19.6|
H 9,524 9,514 10 2.8 7.4 7.7
G 9,546 9,534 12 2.7 2.1 0.9
F 9,580 9,570 10 0.0 1.2 1.2
E 9,622 9,604 18 26.8 23.5 30.8
D 9,629 9,627 2 0.0 0.0 0.0
C 9,718 9,698 20 16.5 11.8 10.3
B 9,744 9,732 12 49 0.6 0.4
A 9,800 9,772 28 23.3 14.3 12.4

© 2015 Electric Power Research Institute, Inc. All rights reserved.
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Plume Image Comparison with Simulation

D 9-7 #2 D 9-8 #2
D 9-7 #2 D 9-8 #2
D9-742 D9-8
.‘l' cl
vISVAIRY:
J 540 53
.I ' .
9 /10 Sg
9 /4l) S
9 80U S3
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Deep MVA - Pressure Response

4600 1,000
900
4500
800
D9-8#2
In Zone 700
4400 -
e~ ‘l?
o 60 £
2 : , S
34300 . : : ' N . 500 g
2 D4-14 | %
: .
£ In Zone A
400 w
8
4200
300
D4-13
Above 200
4100¢confineme
100
i CO, Rate
4000 : 0
Apr-12 Jun-12 Sep-12 Dec-12 Mar-13  Jun-13 Sep-13  Dec-13 Mar-14  Jun-14 Sep-14  Dec-14 Mar-15 Jun-15

[ Downhole pressure data is a primary input to the history match and plume J
model

40 A ‘= ELECTRIC POWER
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Plan Next Steps

» Continue to use multiple lines of evidence to demonstrate CO,
containment and non-endangerment during PISC

« Continue shallow subsurface and surface monitoring
activities
« Conduct full VSP and crosswell seismic repeats

« Additional water injection tests to monitor pressure transient
times

* Engage regulators throughout project closure process

 Permit closure

41 A [= ELECTRIC POWER
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SECARB Early Test Retrospective

Susan Hovorka, Ramon Trevino, Tip Meckel,
Jacob Anderson, Seyyed Hosseini, Jiemin Lu, JP Nicot,
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Research team
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Cranfleld geologlcal Iocatlon

uscaloosa Fm
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Oil-water contact
Based on log annotation and
recent side-walls
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Overview

« > 1 Million metric tonne / yr injection

* Quick start up = “Early test” (bridge between pilot scale
and SECARB's Plant Barry/Citronelle anthropogenic
test)

« Of possible sites, Denbury’s Cranfield field scheduled for
2008 CO, injection start was favorable:
— Time to collect pre-injection data before injection

— Build quickly to >1 MMT per year CO, injection rate (sufficient to
assure project metrics were met & exceeded)

— Experienced operator in CO, EOR — low risk of permitting delay:
early results for RCSP program

— Field abandoned (40 years); pressure recovered and
equilibrated

“.

GULF COAST CARBON CENTER
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Favorable Characteristics of Cranfield for
SECARB Early test

Observation Observation Well * Follow-on
wells Injiector producer J Injector between Phase ||
A I* and Phase Il
@ « Phase Il planned
R in water leg
T e downdip of oil
= o2 e ' zone
Phase o & T gl
11 Residdal | |== | « Provided RCSP
=5 Q_#‘— | experience with
= Brine} Phase I CO, EOR, (grew
| = In importance)
= Shale
Sandstone

. N

== = "Heterogeneity"
— GULF COAST CARBON CENTER




WHAT STARTS HERE CHANGES THE WORLD

Less than-ideal characteristics

* CO, from Jackson Dome (not anthropogenic)

« Field commercial EOR

— operational aspects not under project’s control

— some data proprietary
« Research purpose only

— Designed prior to EPA or international regulations
« Relatively complex geology both deep & near surface
« Modeling reservoir’s injection response complicated

— by oll presence

— Injection and withdrawal complexities — managed...

Simplified by:
Focus on the DAS - brine only
Early timing - production & recycle was minimal

.
ad

GULF COAST CARBON CENTER



WHAT STARTS HERE CHANGES THE WORLD

Developing the Experiment

Year-long series of meetings (2007-2008)
— designed plan

Aligned general research objectives

— well locations

— selected team members

— budget

Designed detailed plans - major components

Adapted to fast EOR field development
— NEPA permitting (slow)

— other timeline issues
e equipment rental
 procurement

 cash flow (2009 “cash call”) T.GCC(N;



WHAT STARTS HERE CHANGES THE WORLD

Project objectives

Connect CO, plume development with pressure
response
— In far-field of reservoir (“in-zone”)

Above-Zone Monitoring Interval (AZMI) pressure
response
— first time in CCS

Advance understanding of geomechanical
response (deformation, microseismic)

Advance understanding of

— risk to groundwater / value of groundwater as a
monitoring approach

— soil gas methods as a monitoring approach GCCC

COSC RBON CENTER
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WHAT STARTS HERE CHANGES THE WORLD

AZMI

Casing
cemented to
iIsolate

surface o
>
7 = Injection
& njec
x zone
AMZI
Time
AZMI ]
Confining zone
|
Injection zone (12)
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WHAT STARTS HERE CHANGES THE WORLD

Team contributions (2)

LLNL « LBNL /NRAP
— Multiphase geophysics — U-tube,
— Cross-well EM fielding — 3-D VSP

and interpretation — downhole fiber optic
USGS CASSM
— reservoir fluid sampling < Oak Ridge NL

& analyses — PFT and sampling
Schlumberger Carbon « University Edinburgh
Services

— Noble gasses
» Local landowners
— access |
- Walden Consulting [
— NEPA

— well logging
— Cross well Seismic
— AZMI fluid collection
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DAS Monitoring Site
e o Obs
| e ‘ CFU 31 F3

Closely
spaced well
array to
examine flow
In complex
reservoir

Petrel model Tip Meckel
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Time Lapse Resistivity Changes
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Time Lapse Resistivity Changes
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Time Lapse Resistivity Changes

WHAT STARTS HERE CHANGES THE WORLD
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WHAT STARTS HERE CHANGES THE WORLD

Contributions: Support Collaborators

e CFSES
— rock samples for geomechanics

 NRAP
— field site for 3D-VSP

« SIM SEQ
— comparative modeling data set

* NETL
— CO, EOR model data
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Accomplishments

* Monitored CO, injection 2008 — 2015

 Injection through 23 wells, cumulative
volume over 8 million metric tons

» First US test of ERT for GS (deepest)

« Time lapse plume imaging with cross well
seismic, VSP, RST, & surface 3-D seismic

« RITE microseismic — none detected

« Groundwater sensitivity assessment (push-
pull)

 Recognized by Carbon Sequestration

Leadership Forum (CSLF) in 2010 for
research contributions

« SIM-Seq inter-partnership model
development test

« Knowledge sharing to Anthropogenic Test i
and other U.S./International CCS projects GCCQ

‘ GULF COAST CARBON
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WHAT STARTS HERE CHANGES THE WORLD

"Early Test's” Major Contributions

« Large volume injection bridged RCSP to current
& future anthropogenic sources

« Value of AZMI pressure monitoring in
demonstrating reservoir fluid retention

* Probabilistic monitoring helps history-match fluid
response to injection in a complex reservoir

* Process-based soil gas method developed and
demonstrated for the first time

« Demonstrated utility and site-specific limitations

of groundwater monitoring



WHAT STARTS HERE CHANGES THE WORLD

Ongoing (1)
Model additional scenarios
Incorporating uncertainties
Forward-model seismic response
Compare Cranfield ERT to Ketzin

Evaluate ERT for long-term viability
(distinguish noise from signal)

Determine time-dependent capacity
through modeling

Participate in ISO 265

Further optimize process-based soil-gas
method

Further optimize groundwater uncertainties

‘J‘GCCC
GULF COAST CARBON CENTER



WHAT STARTS HERE CHANGES THE WORLD

Ongoing (2)

* Technology transfer

— Deployment of monitoring strategies
developed at SECARB “Early” test as well as
other RCSP and international CCUS sites

— Support for maturation of monitoring for EOR
as well as saline sites through international
standards, best practices, critical reviews
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Cranfield NE
section model

e * CO, distribution:

e Super critical phase: ?%
e Dissolved in oil: ?%
* Dissolved in brine: 2% .

GULF COAST CARBON CENTER

« Compositional simulation

« Total number of block =
82,500
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Injection-Production data

Production rate Injection rate
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— CO, injection rate
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History matching
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WHAT STARTS HERE CHANGES THE WORLD

Results and future plans

2010

* CO, distribution (2012):

» Super critical phase: 56%
e Dissolved in oil: 26%
e Dissolved in brine: 18%

0.30
I027
0.24

—0.21

—0.18
—0.15
—0.12

* Running extended
simulations and scenarios

—0.09

f 0.06
. I003
0.00

0.00 0.25 0.50 0.75 1.00 miles
[ s m—
000 050 1.00km
-_— .

* Compare with 4D seismic

.
ad
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Optimizing and Upscaling
Process-Based
nitoring Technology

. 2

TM 1677 M
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Understanding Complex Environments

Sensitivity to Leakage

Without calcite With calcite
~5.5 mmoles ‘ 10 mmoles
123 mliters r 220 mliters
/.,‘\{‘ /—'\ &
~
k . co (‘;;|L1n113 %) ) CO, (volume ) )

‘ GULF COAST CARBON CENTER



Testing and
Developing
Sensing
Capabilities

e Continuous
« Real-time
e Smairt

WHAT STARTS HERE CHANGES THE WORLD
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Current Method Shortfalls

 Requires a manned gas chromatograph (GC)

« Time- and labor-intensive

 Requires consumable supplies T ———r
« No continuous real-time data

c ) -,'., : - i -
IJ 2 oy
% Gas Chromatograph for Y
W Peristaltic pump on-site analysis of

14,3 (~50 mis/L) CO2,N2,02, CH4
Gas station with tubing |
" \ y
-

attached to gas well for (}

‘ GULF COAST CARBON CENTER
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“User-Friendly” for Public Engagement

* Instant data reduction
« Reduces risk of false positives.
« Graphical analysis

« Continuous monitoring capability will give instant real-time leakage

detection information.

25 4
20 1 Leakage
N 15
£
3
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S
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//(.
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0 T I I

I I I I I
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I I I I
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< . ge)
= 60 | Field S
[ = —
= 50 ~ o
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0 T T T 1
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30

Katherine Romanak BEG
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Extra Slides

o
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WHAT STARTS HERE CHANGES THE WORLD

Process-Based Gas Ratio - 1

0, vs. CO,

» Indicates natural processes
that affect CO,
concentrations

» Distinguishes among
respiration, CH, oxidation
and dissolution

» Gives an Initial assessment
of leakage

20 Biological respiration
/CHZO +|0,l—|CO,/+ H,0
15 S S
Oxidation of CH,
CH, +20,|—|CO,|+ H,0O
10
Exogenous
5 - addition
ofCO; | eakage
0 I | | I | |
0 10 20 30
CO, (% volume)

of*
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Process-Based Gas Ratio - 2

100

CO, vs. N,

» ldentifles whether gas 80 _

has migrated from
depth.

» Indicates whether CO,
IS being added

CO, (volume %)
S

through leakage or 20
lost through s
dissolution. °

Atmosphere

|

N,
N, depleted enriched
leakage natural
signal signal

20 40 60 80 100
N, (volume %)

of*
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Presentation Outline

* Project Introduction and Status

* Permitting, Planning and Operations
_essons Learned

* Monitoring Lessons Learned




Project Objectives

BASEIRE RjEcuoNn POSt
INVEel] 2y Eeals S5 years

| APR2011t0AUG 2012 | | SEPT2012toSEP2014 | | SEP 2014to SEPT 2017 |

1.

N

Support the United States’ largest prototype CO, capture and transportation
demonstration with injection, monitoring and storage activities;

. Test the CO, flow, trapping and storage mechanisms of the Paluxy;

Demonstrate how a saline reservoir’'s architecture can be used to maximize CO,
storage and minimize the areal extent of the CO, plume;

. Test the adaptation of commercially available oil field tools and techniques for

monitoring CO,, storage

. Test experimental CO, monitoring activities, where such technologies hold

promise for future commercialization;

Begin to understand the coordination required to successfully integrate all four
components (capture, transport, injection and monitoring) of the project; and

. Document the permitting process for all aspects of a CCS project. 4



Storage Site: The Citronelle Oilfield
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Storage Project Status

Three deep wells drilled in 2011/2012

Experimental Modular Borehole Monitoring System
tool string run in early 2012

Injection commenced on August 20, 2012
Injection ended September 1, 2014

114,104 metric tons of CO, injection

Entered the three year Post-Injection Site Care
Period in September, 2014

CO, breakthrough at the D-9-8#2 observation well
In late 2015

Testing and monitoring activities indicate
containment



Permitting, Planning and Operations
Lessons Learned

Or what we like to call ...
The Good The Bad ...And The




What went well?

* Integration of capture unit, pipeline and injection
operations

» Required transfer of CO, custody at plant gate
from Alabama Power to Denbury
» No outages due to “lack of communication”
» All monitoring requirements met
 Receptiveness of UIC regulators, the Alabama
Department of Environmental Management

» First of its kind permitted as a Class V
experimental well(s) by Alabama with elements
that reflect Class VI well requirements



What Could Have Gone Better

« Amount of capture unit downtime was disappointing

» Mostly a function of low dispatch of a coal-fired
unit where the capture unit was drawing from a

slip stream

» Planned 300-400 kilotonnes of Injection,

realized 114 kilotonnes

* Pressure drop in pipeline during 2013-2014 capture
unit outage

>

>

ron (magnetite?)
pipeline, clogged pum
Resulted in about 35
In mid-2014

orecipitate  collected In
0 filter on startup

Kilotonnes of non-injection
9



What Could Have Gone Better (2)

« Well workovers have been challenging!

» In 2014 the injection well (D-9-7#2) was Kkilled
with a heavy mud so the tubing and packer
could be pulled for a crosswell seismic survey
resulting In injectivity damage

» In July 2016 an attempt was made to pull the
tubing-deployed monitoring tool string from the
D-9-8#2 well. Despite multiple tubing cuts the
tool string could not be completely removed and
the well was ultimately plugged and abandoned.

10



Cumulative Metric Tons CO,

CO, Injection History
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Monitoring Lessons Learned

12



What went well?

» Successful identification of CO, breakthrough with
cased hole pulsed neutron log
 Pressure gauge data and frequent Injection
pauses/startups provide and opportunity for “cheap”
pressure transient analysis
* Fiber optic arrays (DTS and DAS) worked better
than expected
» Temperature data utillized to diagnose a bad
completion
» high density acoustic dataset
» time-lapse acoustic imaging appears promising

13




Cased Hole Pulsed Neutron Log Used
to ldentify CO, Breakthrough

[

$GFC BAKER NOV 20151C o ‘Sigma’ anomaly indicated

gas saturation buildup in the
o0 upper Paluxy in Aug. 2015,

confirmed in Nov. 2015

60 0
SGIN_PNC_2015 [CU]
o
GR [AP] SGFC[CU]
Basal 0 150[ |60 0
Wash-Fred - e
gﬂ- =
4= =5
Top of £
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Perforations

9,394’ to 9,424’

=
=
—
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9,405 t0 9,411" 3~
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x
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=T 5411

« CO, confirmed Iin casing
annulus via pressure, tracer
sampling and compositional

B! .
e analysis

Low Sigma Anomalies




Pressure Response at D-9-8#2
Monitoring Well

Discrete

MVA
Activities

GGGGG
ooooooo




Injection Interruptions provided an

opportunity for cheap pressure transient

analysis

Injection begins Pressurerise
observed

Time the pulse takes to reach the observation well
IS a function of reservoir characteristics

16



D-9-8#2 Pressure Response Times
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* Red diamonds represent CO, Injection starts
 Blue circles represents post-injection water pulse tests
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D-9-8#2 Saturation Changes

10
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° ST Missing
e e e e i L - 0
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Theoretical response times for a pressure transient to travel from the
Injector to the observation well were calculated as a function of CO,

saturation in the reservoir. Assume:
« Homogenous distribution of CO, in reservoir
« Fixed reservoir properties 18



Distributed Fiber Optic Arrays

Provide a Lot of Bang for the Buck

Distributed temperature FO proved its utility In

identifying a bad completion in the D-9-8#2 (packer set

In perforations)

Distributed acoustic FO provided a high-density single

mode array

» Wave-form acquired using stacked VSP-DAS
provides a good match with conventional geophone
results

For further information on distributed FO, please

attend Rob’s presentation at 2:15 this afternoon In

the Geophysics 2 session.
19



Heat Pulse with Annular Pump Test
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What would we do differently?

 Install USDW monitoring wells earlier, develop
and sample for a longer period prior to injection
» Large background data sets are required to
avoid false positive/negatives In statistical
results.
» Monitoring well geochemistry can vary as
wells are developed.

21



Citronelle Groundwater
Sampling Program

Three dedicated groundwater

sampling wells and one water
supply well
Well Depth (ft) Elev. (ft)
D9-9 MW-1 169.6 -20.23
D9-7 MW-2S 170.8 -5.24
D9-7 MW-2D 501.0 -335.6
D9-8 WW 143 --

Three background sampling
events prior to CO, injection

Fifteen quarterly sampling
events since injection started \ (AN =N =AW
17 metaIS, alka“mty, TDS’ Groundwater sampling locations (circled)
TIC, pH...etc.

22



Total Alkalinity

Post-Injection

Turbidity can bias  Background <——— Injection ——» Monitoring
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Total Inorganic Carbon (TIC)

Post-Injection

Background Background <«——— Injection > Monitoring
variability S50Na
!
exceeds f \\ *Breaks in trend line indicate

that a data point deemed
invalid after validation.

-

injection w H
variability h

e = e e e e e e e e e e e e e == -

-
-
il -
— -
O e

Dec-11 Dec-12 Dec-13 Dec-14 Dec-15

—— MW-2D —@—MW-25 MW-1 —e—WW 24




Project Closure

« Complete post-injection monitoring
» Partial repeat of baseline VSP
» Continue quarterly groundwater sampling

 Demonstration of CO, containment within the
Injection zone and non-endangerment of USDWs

using modeling and monitoring results
» Close out UIC permit

 Temporary abandonment of remaining project
wells and transfer of test site to Denbury

25



Thank You
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SECARB “Early Test” at Cranfield

DE-FC26-05NT42590

Susan D. Hovorka
Gulf Coast Carbon Center
Bureau of Economic geology
Jackson School of Geoscience

1 The University of Texas at Austin
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Mastering the Subsurface through Technology Innovation,
Partnerships and Collaboration: Carbon Storage and Oil
and Natural Gas Technologies Review Meeting,
August 1-3, 2017, Pittsburgh, Pennsylvania
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Recent progress- Knowledge
Industry

ransfer to

Separately-funded work monitoring large
scale commercial projects based on
SECARSB early test experience

Air Products Port Arthur industrial
capture from SMRI at 1 MMT/year
transported to Denbury’s Hastings Field.

Petra Nova and NRG /Hillcorp/JX capture
up to 1.6 MMT/ year and use for EOR at
West Ranch field




Commercialization of Monitoring
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Field data collection

Microseismic --RITE

CO, Geothermal-- LBNL

PIDAS — Sun

CCP-BP gravity

Microbes — U KY

NRAP 3-D VSP

Borehole seismic —
Groundmetrics

Nobles

U. Edinburgh

Fluid Chem--Ohio State

Well integrity -Schlum/Battelle

Additional analysis
NETL- EOR accounting
Mei/Dilmore

NETL- Rock-water reaction
BES - LLNL

Synergies

Modeling efforts

SIMSEQ -LBNL
15 teams

CFSES — UT/ SNL

IPARS --Wheeler

NRAP

NCNO

LBNL

CCP3

UT- LBNL Zhang

LLNL (yesterday)
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Early Test Motivation

MIT report “Future of Coal” 2007

— Set 1 MMT Injection goal “proceed .. as soon as possible.
Several integrated large-scale demonstrations with appropriate
measurement, monitoring and verification are needed. ...
establish public confidence for future.”

In 2007 scale and timing of large-scale capture in region
still uncertain

— SECARB anthropogenic test (2011)
— >1 MMT Commercial Capture in region (2014, 2017)

Early Test design to progress in the gap

— Piggy-back on soon-to-start EOR project

— Permits, source and infrastructure in place

— Direct injection — relevant to large scale saline CCS



Early Test goals

— Large-scale storage demonstration

1 MMT/year over >1.5 years
— Periods of high injection rates
— Result >5 years with >5 MMT CO,, stored

— Measurement, monitoring and verification
e Tool testing and optimization approach

e Deploy as many tools, analysis methods, and
models as possible

— Stacked EOR and saline storage



A Injection well
® Sample well

LOCatI O | Le_omerwe

Key

— Pipeline
Structure Contour
Access roads
Tuscaloosa Wells
Residual

fluids

Qil Ring

-GasCap

= Wells in Woodbina-
Tuscaloosa Fm.




Major Contributions

e Early Test Developed monitoring
approaches for later commercial projects
— Process-based soil gas method
— Effectiveness of groundwater surveillance

— Pressure and fluid chemistry monitoring in
Above-Zone Monitoring Interval (AZMl)

— ERT for deep CO, plume
— Limitations of 4-D seismic

 Published and propagated technigques for
widespread application e



Knowledge Transfer to Industry

93 publications
Site visits

Talks, workshops
exchanges

KRR

R
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Limitations to 4-D seismic
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4D seismic data Simulation results
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Limitations to 4-D seismic
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(a) Acoustic impedance difference (Zhang et al. [17]) compared to fluid flow simulation
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Limitations to 4-D seismic
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Calculate time shifts resulting from CO, emplacement for
reflections just below the reservaorr.

Aligned top reflections Smoothed Time-Shifts
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=|_argest seismic time shifts in area with greatest velocity

changes D—E Sands (10 Hz)
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»Biggest velocity changes due to the injection of carbon
dioxide are in the water leg

. Compressional Velocity Changes
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LLNL Electrical Resistance Tomography-

changes in response with saturation

F1 F2 F3

Time-lapse sequence of resistivity changes observed during injection

17 D 2009 21 Dec 2009 26 [ac 2009 15 fn 2010

l
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Lawrence Livermore National Laboratory LLE

oDEcaTigan

C. Carrigan, X Yang, LLNL
D. LaBrecque Multi-Phase Technologies




Site Characterization Approach

Detail Area
Study DAS




Reservoir characterization

Facies
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Modeling

Multiple models (119)
— I-PARS

— SIM-SEQ model approach comparison

« CGM GEM

— Probabilistic approaches

Match 100 realizations to subset of modeled data
Forward model scenarios

Breakthrough time at F2 —K— Set #1 at Ly14 (12/16/2009)
0.4

—5— Set #2 at Ly17(12/20/2009)

Pre-injection forward
- model breakthrough
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e times to design
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Breakthrough time, simulation

History Match Modeled and measured CO,

Aug-10

Jan-10

Jul-09

Dec-08

Dec-08 Jul-09 Jan-10
Breakthrough time, real field

breakthrough
##ﬂf
‘i"..--"""“.'r Do [ =]
D ,’HF
o =
a -~
o.-" a
fﬂf [ = |

Aug-10
Alfi, BEG




CFU31F-2, away from injector SF6
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Cranfield Airborne Geophysical Survey

Topography Residual Magnetic Intensity

B @ -

Cranfield|Eield

347

O Historic well (approx. loc.) RMI
(nT)

-230
Jeff Paine BEG



Pressure [MPa]
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Groundwater at the Cranfield Site:
Sampling

= More than 12 field campaigns since 2008
= ~ 130 groundwater samples collected for chemical
analysis of

Cations: Ag, Al, As, Ba, Ca, Cd, Cr, Cu, Fe,
K, Mg, Mn, Mo, Na, Pb, Se, Zn

Anions: F, CI, SO,%, Br, NO;, PO,*>
TOC, TIC, pH, Alkalinity, VOC, 6C13

On-site: pH, temperature, alkalinity, water
level

= ~10 samples for noble gases
= ~20 groundwater samples for

dissolved CH,
= 15 Water wells

C. Yang, BEG



Groundwater at the Cranfield Site
Single-Well Push-Pull Test

CO2 + Tracer Groundwalar Sampling

e Maximum concentrations of trace
metals observed, such as and Pb, are - -
much less than the EPA contamination v 4
levels; | ‘

« Single well push-pull test appears to be
a convenient field controlled-release

5 5 . Injection Rasting Perlod Pumplng
test for assessing potential impacts of -
CO, leakage on drinking groundwater esting well
resources;

Results were summarized in the following
paper Indernational joemal of Gessnhoose Gax Control 1E{2013) 175-3857

Cantants lists available 81 Sciancalinec

International Journal of Greenhouse Gas Control

journal haomepagae: www.elsovier.comflocatelljggc

Single-well push-pull test for assessing potential impacts of CO; leakage on
groundwater quality in a shallow Gulf Coast aquifer in Cranfield, Mississippi
Changhing Yang**, Parrick |. Mickler*, Robert Reedy”, Bridget R. Scanlon®, Katherine [. Romanak®,
Jean-Philippe Nicot”, Susan D. Hovorka®, Ramon H. Trevino®, Toti Larson”

° Burimu of Eoneic Geslagy, e Uneeainy & Tous &1 Auitis, 10000 Barnia Racd, Bl 130, Aunie m.rnsa.r.hwumm
* Dvpartmen: of Cevegiral Soences, The oy of Teoor of Asstin, 2375 Speechway Stop T30, Austia, TX TH712-1722, Lsited Sates

C. Yang, BEG



Groundwater Monitoring Network Efficiency

wE = W o« 20/151=0.13 by 4 years
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CO, leakage from a P&A well is detected by a monitoring net work if
change in DIC, dissolved CO,, or pH in any one of wells of the
monitoring network is higher than one standard deviation of the
groundwater chemistry data collected in the shallow aquifer over the last

6 years. Changbing Yang



Process-Based Soil Gas Monitoring

* No need for years of background

24
measurements.
] . ) 20 4 Bﬁiolagical rﬁspireth}rs_
* Promptly identifies leakage signal s B e A
over background noise. 2" \ Oxidation of CHi
. . o | \ CHa+ 20:—= CO: + H0
» Uses simple gas ratios 5 \ 2 :
co: \ addition
(C021 CH41 N21 02) ’ dissolution \MIHUI'E of CO:
. 1‘\
e Can discern many CO, sources R R SR N — p—
and Sinks o ':“-”-‘-‘ ""5 Respiration and/ar
5 g . . mixing with air |
— Biologic respiration M i %
— CO, dissolution S W' Sl
— Oxidation of CH, into CO, o I S
(Important at CCUS sites) Fodfl.
— Influx air into sediments 215 " Biological Respiration
— CO, leakage S 10 A S {B 20 @« e @ o0
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Major Technical Accomplishments

Multiphysics CO, plume detection

— Surface 4-D; Azimuthal VSP, cross well, ERT, Pulsed neutron, fiber-optic
thermal, sonic logs, PNC logs

— Limits evaluated (depth, gas)

In-zone and Above-zone pressure method validation
— Casing deployed BHP with real-time readout

Minimal geochemical change in-zone, geomechanical softening

Non-detect of microseismicity by RITE at >1000 psi pressure
Increase

Reservoir response to heterogeneity — non-linear breakthrough

Groundwater sensitivity assessment
— Value of DIC, sensitivity to carbonate in rock matrix
— Value for incident or allegation

Process-based soil gas

— Reduced sensitivity to environmental fluctuation, not dependent on baseline.

Value of attribution

30



Rate of Progress

All elements have been completed on plan
— (three years injection + three “post closure”)
Under budget

— Major saving was not needing to purchase CO, to meet the
project goal; commercial injection was high during early project
stages

Emphasis on publication and technical outreach
— 93 technical papers published 2009-2017

Leveraged by data-sharing

Coreflood micro CT J Ajo-Franklin LBNL

31






Lessons Learned (where is improvement needed?)

Simplified AZMI completions

Improved high temperature and pressure equipment
Simplified ERT deep installation

Remote tools for water and soil gas surveillance

Maturation of monitoring design planning
* Interaction with international community

33



Detailed Area Study (DAS)

Injector o ""“" gl ﬂ'rn.— B Obs
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Schlumberger



_ o Project Status
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M SECARB Anthropogenic
Test Update

Carbon Storage and Oil and Natural Gas
Technologies Review Meeting

Rob Trautz, Electric Power Research Institute
David Riestenberg, Advanced Resources International, Inc.

August 1-3, 2017
Pittsburgh, PA
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SECARB Anthropogenic Test
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Project Goals and Objectives

SSEINE njecuon POST
INECl; z yeals S5 years
| APR2011t0AUG 2012 | | SEP2012toSEP2014 | | SEP2014toSEP2017 |

1. Test the CO, flow, trapping and storage mechanisms of the Paluxy;

2. Demonstrate how a saline reservoir’s architecture can be used to maximize
CO, storage and minimize the areal extent of the CO, plume;

3. Test the adaptation of commercially available oil field tools and techniques for
monitoring CO, storage;

4. Test experimental CO, monitoring activities, where such technologies hold
promise for future commercialization;

5. Begin to understand the coordination required to successfully integrate all four
components (capture, transport, injection and monitoring) of the project; and

6. Document the permitting process for all aspects of a CCS project;
7. Facilitate and enable CCS commercialization.



Project Accomplishment: Demonstration to
Full-Scale Commercialization

SECARB Demo Goes
Commercial!

 NRG Energy (Houston, TX)

e Interest in Plant Barry
Demonstration

* Plant scale-up to 240 MW

» Post-combustion slip-
stream

e Captures 5,200 tons
CO./day or 90% of CO,

* Pipeline to Hill Corps West
Ranch Oil Field (70 miles)

« EOR 300 bbls/day to
15,000 bbls/day!

60 million bbls
Recoverable Oil

CARBON DIOXIDE >,

& Tmaes P
ek ¥




Storage Site: The Citronelle Oilfield
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Project Status




Storage Project Status

* Injected 114,104 metric tonnes from Aug. 22, 2012 —
Sept. 1, 2014

* Three-year Post-Injection Site Care (PISC) Period
 PISC Activities

e Solil CO, flux measurements

e Shallow and deep groundwater sampling

* Reservoir Temperature/Pressure monitoring

e Pulse-neutron logging

 Final VSP survey (Jan. 2017)

* Reservoir simulation updates



Storage Project Status - continued

o Submitted the UIC permit closure request to the State
regulator for review on May 19, 2017
» Basis for closure includes multiple lines of
evidence (e.g., seismic surveys, well logs, tracer
sampling, groundwater sampling...) and long-term
model predictions
* Regulatory feedback pending
e Closure Activities
 Temporary or permanent abandonment of project
wells and transfer of test site to oilfield operator
* Oill and Gas Board of Alabama accepted
jurisdiction over the D 9-9#2 well



VSP Results




Vertical Seismic Profile (VSP)

« A key component of the MVA was to
capture a vertical seismic profile prior to,
and following injection of CO,

* The chief objective of the VSP was
Intended to delineate the plume’s
location in the subsurface

* This technique could also be applied to
capture migration of the plume over
time.




VSP Acquisitions

e Geophones were run into the injection well to capture the
seismic response generated at 9 offset well locations
concentrically located around the receiver.

D%-15 (4-15)

* A baseline survey
took place in 2012

e Post injection VSP
was conducted in
January 2017.




Procedural Differences Between Analyses

2012

e 80 level array
o 25ft receiver spacing

e 24000Ibs Vibroselis
source

o Water filled well

« Array deployed with
tubing conveyed system

* Analog Geophones

2017

10 level array

50ft spacing (staggered 500ft
to achieve 2000ft aperture)

64000Ibs Vibroseis source

Mud filled well

Well lubricator needed for
deployment and well control

Digital Geophones

14



Key Variations in Analysis Protocol

e Poor tool availability and well constraints
necessitated a shorter two-sensor array for the
post-injection monitoring survey

* The two level tool was moved up and down the
well over the same 2000 foot interval

— This resulted in a sparse dataset with samples every
500 ft

 The seismic source was different in both analyses
(24,000 Ibs vs. 64,000 Ibs).

15



Spectral Analysis

Spectral analysis for a selected source from the 2012 80-
level data (left) and from the 2017 10-level data (right).

2012 2017
e The same source-frequency

sweep was used for each.

» The spectra of 2012 has higher
resonant modes due to the
smaller Vibroseis.

« The 2012 vintage also
Includes resonant modes due
to tube wave energy.

Alarge spectral difference is observed between
the two vintages

16



Comparison of Spectral Analysis Before
and After Cross Equalization Processing

Spectra of data before (left) and after (right) cross-equalization (XEQ)
processing.

The XEQ processing steps have reduced the spectral variation between the
two data vintages.

Before XEQ After XEQ
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Comparison of Subsurface Array Coverage

e Subsurface illumination coverage of the target zone

2012 - 80 level array 2017 - 2 level array
X (West-=Thast) M (West-=] 1)
= = — =
3500004 190000
g :
n 38900 s 389000
B S CO2 injector &+ r CO2 injector
= 9-7-2 and VSP 5 9-7-2and vsP
# / manitering 7 / monitoring
> 388000, = otk i > 3880000 o ¢ 0 ol
/ ;
\
JBT0001 \ 387000 : \\

2012 — 80 level array 2017 — 2 level array

e For the array to see any CO, anomaly, the plume must
Intersect with the coverage pattern. 19



Data Assessment

e Various seismic processing techniques were conducted to
equalizing the sources from the baseline and monitor surveys

— This would delineate any difference in the seismic
response associated with the CO, injection.

 Time-lapse processing was conducted to remove any
differences generated by changes in the sensors, the source
weight and ground conditions.

HOWEVER:

« Seismic processing yielded large residuals that make it
difficult to assess the propagation of the CO, at this particular
location.

* The input data from the post-injection survey suggests
acquisition conditions were much too different to begin with.

20



VSP Conclusions

Two vintages of VSP data were acquired in well D9-7#2 of the
Citronelle CO2 storage facility in 2012 and 2017.

Each vintage was acquired with a different seismic sensor, a
different seismic source, and in different well conditions on top of
environmental and surficial seasonal changes.

— These changes make comparing the different data vintages
difficult even after carefully processing the seismic data

In terms of future work for monitoring the subsurface using these
type of technologies it is important to consider using repeatable
tools.

It is possible that using another monitoring well, where a larger
seismic array can be deployed may be beneficial to create a denser
dataset.

Having more densely-sampled datasets, by using either more
sensors or more sources, could help detect very weak CO2-related
signals that may be buried within high levels of noise.

21



Simulation Update




Updating the Porosity
and Permeability Maps

The previous model had T N
constant porosity and L E LY ‘e I
permeability per layer. °@f+’*?T+";.+ff+ "
The synthetic porosity logs, SR N S '\ (C;iltronellle)FieId
- S ;_4.:?’.:.*: T+f + ue outline
generated for the Commercial RN NS FORIN IS
. I R RN I TR
Scale Project, were used to R I DO S S ;
create porosity maps. e
i ili L Te L e e e
Porosity-Permeability LR RO It o ;E D974
transforms were developed RN TE ?i%i . @@ ;
- M TN N S L R SR R [ R @
from the Citronelle Whole Core e e T N
dataset. T PPt MRS Y )
o . 20 L D-9-9#2
The transforms were then used ) | - . ff
to generate permeability maps ——— e
for the existing layers in the ® SyntheticLogs (yellow highiht)

numerical model (55 total). 23



Some Background - Synthetic Logs
Generated Using a Neural Network

« 400+ total wells in Citronelle %w <329FT> O
field on 40-ac spacing. Sponianea Sponineas | [P ey
-200 0| -200 0] OMY_N 0.3 (PELs) 0

9300
(-9172)

» Most of the legacy/vintage wells

* 3 new wells with modern
porosity logs were drilled on
well pads with existing
abandoned wells.

(-9872)

10100
(-9972)

have resistivity logs only and no §
porosity logs.

» Digitized the SP & resistivity

curves for 36 well logs.

» Using the paired wells (new + j

i

9400
(-9272)
9500
(-9372)
9600
(-9472)
9700
(-9572)
9800
(-9672)
9900
(-9772)

j 10000

ot )y ur,.u'”w’" TMJ M} 1("' ‘,Jfﬂ ”]“lr I(MXN | w ‘\”Iv W

vintage) a neural network

approach was used to predict
porosity.

- ”‘ " | Hh n”m u.“| J i1 |H J n'



Porosity-Permeability

Transforms Results Porosity| oo
value y 9
Porosity - Permability, Less than 15% Exponential >20% 15-20% >15%
Fit exponential exponential exponential
100,000 5 40 0.04 0.004
- ) —-— 0
Using the whole core |~ 0-15% j 48
00 57 0.14 0.012
dataset from the D-9- 8 o
7#2, D-9-8#2 and D- LIRSt " - T oo
9-9#2 wells PorOSity W % W i R E 114 1.50 0.10
oMo 135 2.70 0.18
and Permeability A N——
orosity - Permability Et_Wtdn 15-20% Exponential 13 161 s 0.30
Transforms were . " » i o | om
developed for 3 [13-20% | L aeee T o 6| 0w
porosity ranges | IR W 16 210 8 | 4
T 320 > 51 2.52
pu . , 18 380 92 4
100 19 452 167 7
The transforms were e NP - "
then applled to the Poros‘ty-Pmmabilitv:i}ove 20% Exponential ;; jz: zjtli ;15
porosity maps (for - ” oL o
the approprlate i N 1272 5,711 177
ranges) to create the | ... 20-30% 2% 1511
permeability maps. = =
25




Porosity and Permeability Map Examples

9460

Sand

SECARB Phase 3 - Plant Barry

— Porosity 2012-08-20 K layer: 12
280,000 2901000 §
S
o
g |
w o
© o
o o _|
o o
o (=2}
o @ -
0.00 0.50 1.00 miles
— —
0.00 0.50 1.00 km -
—— |
280‘,000 290‘,000 B
L L L L

0.26
0.24
0.21
0.18
0.16
0.13
0.10
0.08
0.05
0.03

0.00

000'06€

280,000

—Permeability | (md) 2012-08-20
| |

SECARB Phase 3 - Plant Barry
K layer: 12
290,000

0.00 0.50 1.00 miles

— —
0.00 0.50 1.00 km
——

280,000

290,000
Il ‘ Il

400,00

390,000

|

Horizontal Permeability
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Injector Well D 9-7#2 Bottomhole
Pressure Match

7000
D 9-7 #2 Pressure Data
6000
R
5000 k2K

Pressure, psi
Ny
o
o
o

3000

2000

1000
6/10/2014 6/30/2014 7/20/2014 8/9/2014 8/29/2014 9/18/2014 10/8/2014

@ Actual Upper Gauge Pressure Actual Lower Gauge Pressure X Simulated Pressure

2/




In-Zone Monitoring Well D 9-8#2 Pressure
Response Match

Well D 9-8 - Pressure Gauge Data Transmissibi”ty
4350 multiplier implemented
to model killing of the
4,500 well in 2014
S 4,450 i
2
g
2
£ 4,400 Q .
4,350 — .
a
4,300
12/23/2011 7/10/2012 1/26/2013 8/14/2013 3/2/2014 9/18/2014 4/6/2015 10/23/2015

Date

= Actual Gauge 5109 Pressure  ssmSimulated Pressure

Well D 9-8#2 is located 870 feet east of the injector. 28



In-Zone Monitoring Well D 4-14 Pressure
Response Match

4,370 5 5 —
.l P

4,350+

4,340+

4,330+

Well Block Pressure (psi)

4,320+

4,310 i i i i i i | | T
20131 2013-7 2014-1 2014-7 20151 2015-7 2016-1 2016-7 2017-
Time (Date)
* Actual gauge prerssure-D_4_14

Simulated pressure-D 4 14

Well D 4-14 is located 3,500 feet northwest of the injector. 29



Matching CO, Breakthrough

The model predicts breakthrough in the 9460 sand a little early (end of
September 2013) as compared to PNC logs results (after April 2014).

SECARB Phase 3 - Plant Barry
Formula: CO2 Saturation 2013-09-27 Klayer: 12 _
286,000 287,‘000 288‘,000

& g 0.72
o o
s 3 l0.64
H Pl
[ | | 1 Fos7
s i |
1 —os0
B FEL | 1 o
1 o6
w . . o
7§ m u § —10.29
3 & 4 Fo.21
| =014
0.00 :315.00 630.00 feet I007
0.00 100.00 200.00 mete
—————— 0.00
o B l
CO2 Plume Top View CO, Plume 3D View

Z/X Aspect Ratio = 7 £l
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Southeast Regional Carbon
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Early Test at Cranfield
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Presentation Outline

Timeline of SECARB Early Test

Team structure

FHarly test goals

Technical status- Advancing the state of the art
Current activities

Lessons learned — review publications

Outreach with China-Australia Group in Xinjian province



Timeline of SECARB Early Test

Site identification
Characterization
Planning monitoring
Start injection

Phase Il monitoring
Phase 111 installation
Phase III injection
Phase III monitoring
End of monitoring
Data assessment

Technology transfer

2006
2007
— 1 2008

2009
2010

2011

2012

2013

2014

2015

O© I~ 0O O
— < A
O O O O
N AN AN N
Commercial njection
continugs
|

Tasks 2, 9,
and 11



Team Structure

SECARB Anthropogenic Test At Plant
Barry/Citronelle
Gulf Coast Carbon Center Separately funded

Bureau of Economic Geology

NRAP
The University of Texas at Austin VSP deployment & analysis

Jackson School of Geosciences

NETL
Rock-water interaction
Denbury ™\ Sandia .
Resources Technologies LBNL Model comparisons
Field owner and Monitoring Systems Well-based geophysics, LBNL SIM SEQ study
injection system Design, Installation, U-tube and lab design _
management, 4-D CFSES M. Wheeler
survey, HS&E

LLNL
ERT
Vendors \
e.g. well drilling, -~ USGS
landmen Core Lab ;
UT DoG Geochemistry

L Anchor QEA _ o
Microseismic deployment
| | RITE, Japan
MSU & UMiss Curtin University
[ Hydro & hydrochem } [ 3-D Seismic processing J GroundV\rIZIIt:;sc:ntrolled

p
/ 50 Vendors
e.g. Schlumberger

4-D Seismic analysis
K. Spikes UT DoGS
Rock Mechanics
CFSES Sandia NL

|
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Early Test Goals

— Large-scale storage demonstration
* 1 MMT/year over >1.5 years

— Periods of high injection rates

— Result >5 years monitoring with >5 MMT CO, stored

— Measurement, monitoring and verification
* Tool testing and optimization approach

* Deploy as many tools, analysis methods, and models as

possible
— Stacked EOR and saline storage

Current major

— Commercial technology transfer effort
* Uploaded data to EDX



Commercialization of learnings at SECARB Early Test

Accomplishments to Date

Air Products

Petra Nova

-~
=

O

* Cranfield

(O Project Deployed

(”% Project Planned
or proposed

6



Commercialization of Monitoring
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Major Contributions

* Early Test Developed monitoring approaches for later commercial projects

Process-based soil gas method
Effectiveness of groundwater surveillance

Pressure and fluid chemistry monitoring in Above-Zone Monitoring
Interval (AZMI)

ERT for deep CO, plume

Limitations of 4-D seismic

* Published and propagated techniques for widespread application

e Advanced to commercialization



Technical Status - Advancing the state-of-the-art

* Injection scale-up — pushing the limit of injection

— Assessing what is rate-limiting issue — overpressure or overfill?

* CCUS monitoring and accounting

— Unique 1ssues in a proven trap with production history — but complex

fluids and many wells

* Maximize monitoring testing to minimize commercial monitoring

— SECARB early test — extensive monitoring — many experiments

— Commercial monitoring — focus on key issues —ALPMI method

Advising California Air Resources Board on their new Carbon Capture and Sequestration
Protocol under the LLow Carbon Fuel Standard

Advising International Standards (working group 6, accounting for storage associated with

Saline injecti
EOR ® Monitoring well 4 ne.lmec Lofmap EOR Pattern flood map

e 0 O

® Iniection well > s ¥

] [ J

. P

®  Production well « & °
[} [} e O © [}

CO, plume

Elevated pressure



Active and continuing elements

Pore scale modeling to extend laboratory
multiphase parameter measurement — key model
input

Fault stress change from injection
Post injection fate of CO,

RST logs — changes in porosity et e o

Management of methane impacts on miscibility

Regional and global impact of findings

Methane and oil distributions 10
Prentise



(Selected) Lessons Learned

— Value and methods for down-selection of
monitoring tools

— Benetfits of pressure monitoring

— Limitation of groundwater and soil gas

) Czech
Web, TV radio _ Australia Republic

monitoring

France

Columbia Japan

Germany._ Morroco

Netherlands

Peru
TX Taiwan
Saudi Arabia
Canada
Norway

— Switzerland

Korea

Distribution of GCCC Mexico
presentation 2014-18

11



Value and methods for down-selection of

monitoring tools

* Optimized tool selection (Assessment of low
probability material impact: ALLPMI)

. Avoid subjective terms like safe and

Risk assessment method effective. :
. E.g.: Specify mass of leakage at
as usual : e . )
identified horizon or magnitude of
Quantify risks to Specify magnitude, duration, seismicity.
define material location, rate of material . Specify certainty with which
impact impact assurance is needed
Explicitly model Model material impact ALPMI uses models differently than the typical
unacceptable outcomes scenarios history matching the expected performance
showing leakage cases.
Identify signals in the earth system that Method down selects only signals that indicate
indicate or preferably precede material material impact may occur or may be occurring

Forward modeling tool response is essential
to developing the expected negative finding:
“No material impact was detected by a systen

V that could detect this-impae (o

- teuol uiro Illlpab
Deploy tools; collect
and analyze data

Approaches like those normally used for
seismic survey design should be deployed

for all modeling tools _ _
This activity as traditionally conducted.

Include all the expected components, such as
attribution, updating as needed, feedback , etc.

Via this ALPMI process can a finding that the material impact did not Report if material impact
occur be robustly documented did/did not occur 12




Value and methods for down-selection of
monitoring tools

You can’t have everything! Example limitations:

—Tool interterence
e.g. “Gewelry” on casing interferes with log response

Perforated well — geochemical and geophysical tool deployment

interference

— Tool limitations — cost, cost of analysis

Paper on cost/value in preparation

Sensitivity of time until detection of leakage on number of
wells installed, Bolhassani (in prep.)

13



New assessment forward
modeling seismic response

Calibrated compositional fluid flow model of
northeast quadrant of field (BEG team)

Another look at seismic processing by Don
Vasco, LBNL

Seismic modeling of expected response

Identity signal reduction related to hydrocarbons

14



Seismic forward modeling study
outcomes

Fluid flow model outcomes
Rock physics models

Forward model seismic response to fluid

substitutions
Compare to measured response

15
Vasco et al



Benefits of pressure monitoring

— Pressure 1s a key parameter in risk reduction

— Diffusive parameter

Measurable pressure change

Measurable chemical change

— Robust history matching-
e Model validation

* Plume conformance to model
— Above-zone diagnostic

— Not especially sensitive 1n post-injection context

16



Limitation of groundwater and soil gas
monitoring

— Extensive published work by Katherine
Romanak, Changbing Yang, Sean Porse, Jacob
Anderson

— Leakage signal changed and attenuated during
lateral and vertical transport

Anderson et al, 2018

— Issue of noise and trend in near-surface signal

— CO, 1s non-unique signal

17



Synergies
Modeling efforts
SIMSEQ —-LBNL
15 teams

CFSES — UT/ SNL
IPARS --Wheeler

Field data collection
Microseismic — RITE
CO, Geothermal — LBNL
PIDAS — Sun

CCP-BP gravity

Microbes — U KY mgﬁl\g
NRAP 3-D VSP
ismi : LBNL
Borehole seismic — Ground metrics
Nobles gasses U. Edinburgh CCP3
Fluid Chem — Ohio State LLJITI;III:BNL Zhang

Well integrity — Schlumberger/Battelle

Additional analyses
NETL- EOR accounting Mei/Dilmore

NETL- Rock-water reaction BES — LLNL ﬁlé?\lpgrt other studies

LBNL — Don Vasco study

Nunez- Cranfield data
supporting NCNO study

0o 1 2 3 4 5 6 7 8
HCPV injected



Technology transfer from SECARB
early test to other projects

Process-based soil gas,
attribution approach methods

monitoring
SECARB Romanak
Early test work in
learning AZMI pressure _ Queensland
LPMI down-select technique,
ss-based soil gas,
New time- proach_me_thods
lapse AZMI l e Petra Nova-
AieselliE West Ranch
technique Air Commercial
Products- EOR project
Hastings
Commercial eg::)rl]li?oen
=0l PIE)Es issue for EOR
(offshore

focus)



Recent submissions and
publications (108 total)

Uploads to EDX (data) https://edx.netl.doe.gov
Texas Scholar Works https://repositoties.lib.utexas.edu

Hovorka, S. D., Case study — testing geophysical methods for assessing CO, migration at the SECARB
early test, Cranfield Mississippi “Geophysical Monitoring for Geologic Carbon Storage and
Utilization” to be published by Wiley for the American Geophysical Union.

D. W. Vasco, Masoud Alfi, Seyyed A. Hosseini, Rui Zhang, Thomas Daley, Jonathan B. Ajo-Franklin,
and Susan D. Hovorka “The seismic response to injected carbon dioxide: Comparing observations to
estimates based upon fluid flow modeling”

Hosseini, S. A., Masoud Alfi, Donald Vasco, Susan Hovorka, Timothy Meckel, Validating
compositional fluid flow simulations using 4D seismic interpretation and vice versa in the SECARB
Early Test—A critical review

Anderson, Jacob; Romanak, Katherine; Alfi, Masoud; Hovorka, Susan, Light Hydrocarbon and Noble
Gas Migration as an Analog for Potential CO, leakage: Numerical Simulations and Field Data from
Three Hydrocarbon Systems

Fietz and Hovorka, Capturing the magic of carbon dioxide
Hovorka, S.D. and Lu, J., Field observation of geochemical response to CO, injection at the reservoir

scale, in Newel and Ilgen, Science of Carbon Storage in Deep Saline Formations , Elsevier

www.gulfcoastcarbon.org
20
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Benefit to the Program

Development of large-scale (>1 million tons of CO2)
Carbon Capture and Storage (CCS) projects, which will
demonstrate that large volumes of CO2 can be injected
safely, permanently, and economically into geologic
formations representative of large storage capacity.

22



Project Overview
Goals and Objectives

The Southeast Regional Carbon Sequestration Partnership’s (SECARB) Phase IlI work
focuses on the large scale demonstration of safe, long-term injection and storage of CO,
in a saline reservoir that holds significant promise for future development within the
SECARSB region. The project will promote the building of experience necessary for the
validation and deployment of carbon sequestration technologies in the region. Phase Il
will continue refining Phase Il sequestration activities, sequestration demonstrations and
will begin to validate sequestration technologies related to regulatory, permitting and
outreach. The multi-partner collaborations that developed during Phase | and Phase Il
will continue in Phase Il with additional support from resources necessary to implement
strong and timely field projects.

23



SECARB Anthropogenic Test
Update

Project Number DE-FC26-05NT42590

Rob Trautz, Electric Power Research Institute
Anne Oudinot, Advanced Resources International

David Riestenberg, Advanced Resources International

US. Department of Energy

National Energy Technology Laboratory
Mastering the Subsurface Through Technology Innovation, Partnerships and Collaboration:
Carbon Storage and Oil and Natural Gas Technologies Review Meeting

August 13-16, 2018
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Presentation Outline

. Project Introduction
. Permit is closed!
. Next (Last) Steps

. Research and Operational Highlights
(and lowlights...)



SECARB Anthropogenic Test
Introduction




Project Goals and Objectives

SCSEINE njection

| APrR2011t0AUG2012 | | SEP2012toSEP2014 | | SEP2014toSEP 2017 |

1.

Support the United States’ largest (at the time) prototype CO, capture and
transportation demonstration, with injection, monitoring and storage activities;

Test the CO, flow, trapping and storage mechanisms of the Paluxy;

Demonstrate how a saline reservoir’'s architecture can be used to maximize
CO, storage and minimize the areal extent of the CO, plume;

. Test the adaptation of commercially available oil field tools and techniques for

monitoring CO, storage;

. Test experimental CO, monitoring activities, where such technologies hold

promise for future commercialization;

Begin to understand the coordination required to successfully integrate all four
components (capture, transport, injection and monitoring) of the project; and

Document the permitting process for all aspects of a CCS project. 6



Storage Site: The Citronelle Oilfield

Structure map and cross section by GSA




CO, Injection History




Permit is closed!!




Permit Closure

Permit was officially closed by ADEM on May 11%

Temporary or permanent abandonment of all
project wells is complete

Post-injection monitoring (groundwater and soil
flux) iIs complete

Non-endangerment of USDWs and CO,
confinement in the injection zone have been
demonstrated using modeling and monitoring
results to obtain closure



Wells Temporary and
Permanent Abandonment

D 9-7#2 on December 10th, 2017

D 4-14 on December 10, 2017

D 4-13



Demonstrating Non-Endangerment
of USDWs and CO, Confinement

 The Class V permit required several levels of
monitoring

— Surface monitoring
« Soll flux, tracers

— Shallow groundwater monitoring
— Deep reservoir monitoring
 PNC logs, fluid sampling, seismic, pressure monitoring

e Experimental MVA activities

 Numerical modeling

— Developed to determine the project’s Area of Review
(AoR) and investigate the advancement of the CO,
plume



Surface Monitoring:

Date Well ID
I 1’ aCCI.’ D-9-1 ND
bo-s ND
; D-9-6 ND
 Leakage most likely to occur D-9-7-1 ND
Invalid
along wellbores that penetrate D-9-7 Air Blank Data
the injection zone and/or g |p.os Do
S . » |D-9-9 ND
Conflnlng Un|t §> D-9-9 Air Blank Air .
 Periodic injection of a mix of © | bow Dot
D-9-11 ND
perfluorocarbon tracers (PFTSs) T N
. —
into the CO, stream e gavg
« Surficial monitoring for PFTs i Rlank 3 .
occurred at the injection well and — —
an additional 8 offset locations D-5-2 ND
D-9-3 ND
D-9-6 ND
) © D-9-7 ND
— No evidence of tracer release at S [posm ND
any of the nine monitoring D o bendoned N
locations. 2 [oou ND
- D-982_gaugesample_1 (stream
from D-9-8#2) DETECTION
voa_dec23cylinder_1 (Denbury
cylinder from Dec 23) ND
System Blank ND




Shallow Groundwater Monitoring

 Performed on a quarterly basis as required by the UIC permit at 4
locations

« A total of 24 events occurred (3 baseline, 8 during injection and 13
post-injection)

» Multiple lines of evidence are required to determine that injected
CO, is not influencing the USDWs

« = Multiple lines of evidence do not indicate CO, leakage into
USDWs.



Deep Reservoir Monitoring

Deep PNC logs
Deep fluid sampling

— Unreliable results due to poor sampling procedures
Seismic Program

— Cross-well seismic

— Vertical Seismic Profile

e Inconclusive

Pressure monitoring



Pulsed Neutron Capture (PNC) Logs

« Application: measure changes in formation gas saturation behind casing

e CO, breakthrough was observed at the D 9-8 #2 well in the August 2015
PNC log and confirmed in a November 2015 repeat

* No evidence of gas saturation was observed within or above the
confining zone

e = Results of the PNC logs demonstrate confinement in the
Injection zone.



Time-lapse Cross-well Seismic

 Replacement of brine
with CO,, will result in
an increase in travel
time through a geologic
unit

e Crosswell seismic was
acquired between the D
9-7#2, and the D 9-8 #2

« Baseline in January
2012 and time-lapse
survey during injection
In June 2014

Comparison between 2012 and 2014

= No anomaly in or above the confining unit.



Pressure Monitoring

e Pressure monitored in 4 wells: D9-7#2, D9-8#2, D4-13
and D4-14

D4-13 Above Zone Monitoring D4-14 In Zone Monitoring

Pressure clearly follows the
trend of injection in the D9-7#2



Numerical Modeling

* Monitoring results are matched from the onset of injection through
March 2016, which includes the observed CO, breakthrough at the
D 9-8 #2 monitoring well

« With the addition of permeability anisotropy and a high permeability
zone within the ‘9460’ sand, CO, breakthrough at the D 9-8#2 Is
modeled within the timeframe delineated by the PNC logs.



Area of Review

The estimated radius of the CO,, plume 30 years after cessation of injection is
approximately 1000 ft. (305m), which is less than the project’s initial AoR of 1,700 ft.



Non-endangerment Summary

« Sufficient evidence was provided by the suite of surface and shallow
monitoring, deep MVA and modeling efforts to indicate successful
non-endangerment at the site.

No CO, release or buildup was detected using groundwater analysis, tracer
detection, and soil flux monitoring.

PNC logs, cross-well seismic, VSP and pressure monitoring were all parts of
deep monitoring activities.

No evidence of gas saturation was observed within or above the confining zone
based on the results of repeated runs of the pulsed neutron capture (PNC) log
during the injection operation.

Cross-well seismic results show no negative velocity anomalies in or above the
confining unit implying no detectable leakage out of the injection zone, and
containment of CO.,.

Simulated distribution of CO, through the injected geological layers demonstrated
confinement within the injected zone

Models indicate that the plume does not exceed the original AoR predicted in the
baseline model.

The maximum movement of CO, is less than 1,000 ft. (305 m) in any direction 30
years after the injection ceases



Next (Last) steps




Project’s Last Steps

Plugging and abandonment of groundwater

wells is happening right now

Transfer of test site to ollfie

Peer reviewed geology anc

d operator

simulation papers

In progress per DOE requirements

EDX upload (currently 60% complete).



Operational and Research
Highlights
(and a few lowlights...)




CO, Transportation via Pipeline

e 12 mi to the Injection Site
* Right-of-Way
— Ultility corridor for 80%; 9 land
owners

e Pipe specifications
— 4-in pipe dia.
— X70 carbon steel
— DOT 29 CFR 195 liquid
pipeline;
buried 3 feet with surface
vegetation and maintenance
— Purity is 97% dry CO,
at 115°F, 1,500 psig
(< 20 ppm H,S)
« CO,-EOR industry pipeline construction and operational standards worked
quite well for CCS transportation
25



CO, Transportation via Pipeline

e Eighteen horizontal directional drills
required (Esposito et al., GHGT-11)
» Avoid Plant Barry surface
facilities
* Railroad and road crossings
» \Wet areas
 However, most of the HDDs
were performed to minimize
Impacts on gopher tortoise
burrows or colonies
 Directional drilling under
tortoise burrows/colonies less
expensive than temporary
relocation
* Routing complexity added
considerably to pipeline
Installation costs

Horizontal Directional Drilling under Alabama Highway U.S. Route 43.

26



Fiber Optic Distributed Acoustic Sensing (DAS)

= Fiber optic cable for distributed temperature and acoustic measurements
one sensing technology tested in the Modular Borehole Monitoring
(MBM) System

= Migrated image 2>
— Observed strong reflectors

— Good tie to formation logs (e.g.,
Selma Chalk)

» No “bright” spot observed where
CO, was injected

» Image has sufficient quality to
conduct time-lapse analysis using
results from the second (final)
survey

vz SILIXA

IR



Fiber Optic Distributed Temperature Sensing (DTS)

FO-Based Distributed Temperature Sensing (DTS) Allowed Us to Diagnose
a Completion Problem with Our Observation Well

\

Inflow above packer



In-zone Comparison of Fluid Sampling Methods
(U-tube, Gas lift, Pumping, Kuster Sampler) (Conaway et al., [JCG, 2016)

A. Gas-lift e
— Samples had the highest pH indicating A wn T—<—H
possible loss of dissolved gas o DL /
— Sampling method should be limited to e
major and unreactive solutes || e
B. Pumping
— Relatively high Fe concentrations i | [ |
compared to other methods, showing L
evidence of contamination or R
geochemical changes in samples C
— Sampling method should be limited to ] D.
major and unreactive solutes
C. Kuster sampler:
— Field measurements of initial pH had the
lowest value
— Geochemical data consistent in
repeated sampling

USGS collecting in-zone groundwater samples using:
D. U-tube: A. gas-lift; B. electric submersible pump; C. Kuster sampler;

— In general, sample results are and D. u-tube sampler
comparable to the Kuster method 29



All Good Things Come to an End, but
CO, Storage Is Forever

30



Southeast Regional Carbon Sequestration

Partnership—Early Test at Cranfield
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Presentation Outline

* Timeline of SECARB FEarly Test

e Team structure

* Harly test goals

* Technical status- Commercializing the
learnings

e (Current activities

* Lessons learned — review publications

Real-time communication array
2




Timeline of SECARB Early Test

S53383S8 493388953 3K
SRIIIIRIRIRIRIRKIRIRKRKR
Site identification =
Characterization
Planning monitoring
Start injection *
Phase II monitoring y -
Phase 111 installation * gg::{:j;ial njection
Phase III injection m '
Phase III monitoring
End of monitoring | taskg2, 9,

Data assessment

Technology transfer



SECARB Anthropogenic Test At Plant
Barry/Citronelle

* o*
ENeg GY BOAR Separately funded

Bureau of Economic Geology

NRAP
The University of Texas at Austin VSP deployment & analysis

Jackson School of Geosciences

NETL
Rock-water interaction
Denbury ™\ Sandia .
Resources Technologies LBNL Model comparisons
Field owner and Monitoring Systems Well-based geophysics, LBNL SIM SEQ study
injection system Design, Installation, U-tube and lab design _
management, 4-D CFSES M. Wheeler
survey, HS&E

p
/ 50 Vendors
e.g. Schlumberger

Vendors .
e.g. well drilling, - USGS
landmen Core Lab ;
UT DoG Geochemistry

4-D Seismic analysis
K. Spikes UT DoGS
Rock Mechanics
CFSES Sandia NL

L Anchor QEA _ o
Microseismic deployment
| | RITE, Japan
MSU & UMiss Curtin University
[ Hydro & hydrochem } [ 3-D Seismic processing J GroundV\rISItg;sceoer”ed

|

AWWA




Technical Status - Moving information to commercial

* Injection scale-up — pushing the limit of injection
— Assessing what is rate-limiting issue — overpressure or overfill?

* CCUS monitoring and accounting

— Unique 1ssues in a proven trap with production history — but complex
fluids and many wells

e Maximize monitoring testing to minimize commercial
monitoring

— SECARB early test — extensive monitoring — many experiments

— Commercial monitoring — focus on key issues —ALPMI method

— Advising California Air Resources Board on their new Carbon Capture and
Sequestration Protocol under the Low Carbon Fuel Standard

— Advising International Standards (working group 6, accounting for storage associated

Saline injection map

Wlth EOR. ® Monitoring well ° EOR Pattern flood map
e ©
® Injection well o’ ¥
] .
o o ¢ 0
.

®  Production well °
[} [} e O © [}

y

* Pt CO, plume

7 £ =28 Bureau OF 2P
&. 8 Econowmic

allrcos Concene S im (GEOLOGY Elevated pressure




Early Test Scope

® Monitoring saline and Mississippi Rivefse=" \Ji;/—”” s
EOR in a2 commercial Natchez = 3

EOR project

“Early” because project
was nearly ready to start
at time SECARB entered

® 10,000 ft deep

Cretaceous Tuscaloosa
Formation

Missisgippie==>"

ONOMIC

Figure Tip Meckel




Stacked storage EOR and Saline

* Characterization based on long production history
* Balanced flood

— Fluid withdrawal (o1l, water, gas CO,) = Fluid injection (water, CO,)
during most of the operation

— Area and magnitude of elevated pressure controlled by production
— Area occupied by CO, controlled by production
* Controlled flood
— Injection and production patterns
e Active surveillance

— Production, pressure \

— Other techniques as needed Oil and gas trapped over geologic time

* Wireline log, seismic, tracers,

- o
§ £ =23 Bureau oF
&, == Economic

COASTCARBONCENTER V!

GEOLOGY




Major Contributions

* Early Test Developed monitoring approaches for later commercial
projects

* Published and propagated techniques
for widespread application

e Advanced to commercialization oo

Process-based soil gas method
Effectiveness of groundwater surveillance

Pressure and fluid chemistry monitoring in Above-Zone Monitoring
Interval (AZMI)

ERT for deep CO, plume Cranfield Test Setting

Limitations of 4-D seismic

. Shale

Sandstone

i Fﬁ BUREAU OF
&, == Economic
GUILF COAST CARBON CENTER EE:' GEOLOGY





Cranfield Test Setting
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Early Test Goals

— Large—scale Storage demonstration
* 1 MMT/year over >1.5 years

— Periods of high injection rates

— Result >5 years monitoring with >5 MMT CO, stored

— Measurement, monitoring and verification
* Tool testing and optimization approach

* Deploy as many tools, analysis methods, and models as

possible
— Stacked EOR and saline storage

— Commercial technology transfer 2019 major
effort
= Support Atlas, Maximize impact 2020 major

Y £ 588 BUREAU
&. 8 Econowmic 2020
I&JJ s E i - ACE

- EOLOGY




Media Analysis

Emily Moskal

What is limiting US press coverage of CCUS?

Statistics from more than 1000 US media outlets

10



Follow-up detailed interviews

* 1) freelance science journalists,
* 2) highly-engaged female science journalists

* 3) journalists who had covered the topic

before.

i

- ’_ﬂﬁ'.%\_g

7 £ =58 BUreAu OF
&. 8 Econowmic

l&u COAST CARBON CENTER ‘w‘.:,,‘éﬁ” EOLOGY

o

=



Major media concerns per
interviewees:

“ there have been many failed projects”
“the ones that exist are too expensive”
“we don’t know if CO, will leak to the surface”

“environmental damage will be similar to those
caused by fracking.”

- ) _‘,45'«‘-%\!}
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Outreach - reaching further

55 Economic
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Physics of plume stabilization
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How fast and how far will CO2
migrate on dip before stabilizing?
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Upscaling to regional saline
aquifers
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Upscaling to regional saline
aquifers
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Upscaling to regional saline
aquifers

§ £ BUREAU OF

& o
&. == Econowmic
GULF COAST CARBONCENTER " GEOLOGY

E9iR



GCCC

Physics of plume stabilization

Dynamics of CO, capillary trapping and influence of factors
on stability of trapped CO,: A pore-scale study

Convection-diffusion-reaction of CO,-enriched brine in
Tuscaloosa sample: A pore-scale study

Mechanism of CO, dissolution trapping: Combined pore-
scale and Darcy-scale study

Influence of small scale geologic heterogeneities on CO,
plume stabilization and trapping: An experimental study

Visualization and analysis of CO, injection and oil production
data in the Cranfield site

2 BUREAU OF
=- ELONOV[IC
GEOLOGY
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Small scale geologic heterogeneities influence CO, plume
stabilization and trapping
Prasanna G. Krishnamurthy
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Pore scale flow in Tuscaloosa
Mehrdad Alfi

Top view
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Probability (%)

Effect of wettability alteration on
CO, plume stabilization

Sahar Bakhshian
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Value and methods for down-selection of

monitoring tools

* Optimized tool selection (Assessment of low
probability material impact: ALLPMI)

. Avoid subjective terms like safe and

Risk assessment method effective. :
. E.g.: Specify mass of leakage at
as usual : e . )
identified horizon or magnitude of
Quantify risks to Specify magnitude, duration, seismicity.
define material location, rate of material . Specify certainty with which
impact impact assurance is needed
Explicitly model Model material impact ALPMI uses models differently than the typical
unacceptable outcomes scenarios history matching the expected performance
showing leakage cases.
Identify signals in the earth system that Method down selects only signals that indicate
indicate or preferably precede material material impact may occur or may be occurring

Forward modeling tool response is essential
to developing the expected negative finding:
“No material impact was detected by a systen

V that could detect this-impae (o

- teuol uiro Illlpab
Deploy tools; collect
and analyze data

Approaches like those normally used for
seismic survey design should be deployed

for all modeling tools _ _
This activity as traditionally conducted.

Include all the expected components, such as
attribution, updating as needed, feedback , etc.

Via this ALPMI process can a finding that the material impact did not Report if material impact
occur be robustly documented did/did not occur 23




Lessons Learned

-

GUILF COAST CARBON CENTER §E£= GEOLOGY

— Need for reproducible method of determining how much
monitoring is enough in a commercial setting.

— Need for improved physics-based models that correctly
estimate process and rate of stabilization

— Need for improved and renewed dialog with the media

— Increasing confidence in site selection and monitoring
e ISO standard released
* California LCFS
e 45Q tax Credit

B B’
North South
Depth Oklahoma | Texas Texas- Texas- Sigsbee
ep Ouachita | . Louisiana Louisiana Escarpment
|
East Texas Basin Shelf Slope

(km)

Mountains
S.L. LB :
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Synergy Opportunities

- — Support technology transfer to commercial

entities
* Where can I inject?
e What are first steps?

e Explain retention and monitoring

— US — International collaboration of high value
e [SO
e [EAGHG

Looking for injectivity — core at Cranfield field, MS

G
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Commercialization of learnings at SECARB Early Test

Accomplishments to Date -
= Gulf —
B Ctﬂa:; t
[ o g AN
|' Pip_e:![ing-?ifur e Y Center
e -
! E ARKANSAS g'ﬂ___ —-.—————_—'_\
J '.
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|__‘—_II

Petra Nova

Bﬂ Ak
[+ ] T

s CO:-EOR candidate reservoirs O Project Deployed
¢~ Project Planned

— EXisting CO; pipelines
or proposed

: Additional oil-production area with
CO2-EOR production and potential

D Major oil plays
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QAdddEEan

Oligocene



Appendix




Recent submissions and
publications (108 total)

Uploads to EDX (data) https://edx.netl.doe.gov
Texas Scholar Works https://repositoties.lib.utexas.edu

Hovorka, S. D., Case study — testing geophysical methods for assessing CO, migration at the SECARB
early test, Cranfield Mississippi “Geophysical Monitoring for Geologic Carbon Storage and
Utilization” to be published by Wiley for the American Geophysical Union.

D. W. Vasco, Masoud Alfi, Seyyed A. Hosseini, Rui Zhang, Thomas Daley, Jonathan B. Ajo-Franklin,
and Susan D. Hovorka “The seismic response to injected carbon dioxide: Comparing observations to
estimates based upon fluid flow modeling”

Hosseini, S. A., Masoud Alfi, Donald Vasco, Susan Hovorka, Timothy Meckel, Validating
compositional fluid flow simulations using 4D seismic interpretation and vice versa in the SECARB
Early Test—A critical review

Anderson, Jacob; Romanak, Katherine; Alfi, Masoud; Hovorka, Susan, Light Hydrocarbon and Noble
Gas Migration as an Analog for Potential CO, leakage: Numerical Simulations and Field Data from
Three Hydrocarbon Systems

Fietz and Hovorka, Capturing the magic of carbon dioxide
Hovorka, S.D. and Lu, J., Field observation of geochemical response to CO, injection at the reservoir

scale, in Newel and Ilgen, Science of Carbon Storage in Deep Saline Formations , Elsevier

www.gulfcoastcarbon.org
28


https://repositories.lib.utexas.edu/

Benefit to the Program

Development of large-scale (>1 million tons of CO2)
Carbon Capture and Storage (CCS) projects, which will
demonstrate that large volumes of CO2 can be injected
safely, permanently, and economically into geologic
formations representative of large storage capacity.

29



Project Overview
Goals and Objectives

The Southeast Regional Carbon Sequestration Partnership’s (SECARB) Phase IlI work
focuses on the large scale demonstration of safe, long-term injection and storage of CO,
in a saline reservoir that holds significant promise for future development within the
SECARSB region. The project will promote the building of experience necessary for the
validation and deployment of carbon sequestration technologies in the region. Phase Il
will continue refining Phase Il sequestration activities, sequestration demonstrations and
will begin to validate sequestration technologies related to regulatory, permitting and
outreach. The multi-partner collaborations that developed during Phase | and Phase Il
will continue in Phase Il with additional support from resources necessary to implement
strong and timely field projects.

30
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Citronelle Phase Ill Project

SESEINE Injection
INECl] 2 years

| APR2011to AUG 2012 | | SEPT2012t0o SEPT2014 | | OCT 2014 to SEPT 2017 |

ELECTRIC POWER
RESEARCH INSTITUTE

Erre2l

Anthropogenic Test

" %" Capture: Alabama Power ‘s Plant Bary,
Bucks, Alabama

Transportation: Denbury

B Geo Storage: Denbury's Citronelle Field
Citronelle, Alabama




Project Objectives

Power Plant Capture Storage
1. Understand the coordination required to successfully integrate all four components
(capture, transport, injection and monitoring) of the project;

2. Document the permitting process for all aspects of a CCS project;

3. Test the CO, flow, trapping and storage mechanisms of the Paluxy Formation, a
regionally extensive Gulf Coast saline formation;

4. Demonstrate how a saline reservoir’'s architecture can be used to maximize CO,
storage and minimize the areal extent of the CO, plume;

5. Test the adaptation of commercially available oil field tools and techniques for
monitoring CO, storage (e.g., VSP, cross-well seismic, cased-hole neutron logs,
tracers, pressure, etc.);

6. Test experimental CO, monitoring activities, where such technologies hold promise
for future commercialization; and

7. Support the United States’ largest commercial prototype CO, capture and
transportation demonstration with injection, monitoring and storage activities.



1. Project Coordination
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2. CCS Permitting Process

Select References

UNDERGROUND INJECTION
CONTROL PERMIT

A. Oudinot et al. GHGT-14 (2018)

- Details UIC Class V permit
application process, requirements and
permit closure
D. Riestenberg et al. CMTC (2015)

- Details UIC Class V permit details
including: injection well permit and
CO: sequestration well standards
R. Esposito et al. Energy Procedia 4
(2011)

- Details capture facility permitting,
transportation permitting and storage
permitting




3. Test the CO, Flow, Trapping and Storage

Mechanisms of the Paluxy

Baseline Reservoir
Characterization;

* Analysis of over 80

N existing oilfield well logs
. J i for porosity, thickness
‘ P Y : and depositional

g ) ‘(j[/éﬁy/ «Sand mapping to

= DR L_i determine “open” or

7%} / . “closed” sand units.

N Citroneiie Fieta
Boundary —_—

Isopach
L E‘

¢
H
.’/
/:.
]

#
+ & [
+

Collected new geologic data on the Paluxy reservoir and

confining unit with the drilling of the project’s three new

wells:

«210 feet of whole core and 70 percussion sidewall cores

 Full set of open hole logs on all three wells (quad combo,
MRI, spectral gamma, mineralogical evaluation,
waveform sonic, cement quality, pulsed neutron capture)

*Baseline vertical seismic profiles and crosswell seismic
collected in Feb 2012

Stratigraphic Unit

Major Sub Units

Potential Reservoirs
and Confining Zones

Citronelle Formation

Undifferentiated

Chickasawhay Fm.

sussoey | susso3 | sumsobio | eussoms | e | sapag

2| § |==——rmrmrm e s S s e
% Vicksburg Group Bucatunna Clay
< Jackson Group Minor Saline Reservoir
Claiborne Group Talahatta Fm. Saline Reservoir
Wilcox Group Hatchetigbee Sand
Bashi Marl Saline Reservoir
Salt Mountain LS
Midway Group Porters Creek Clay -
Selma Group
Eutaw Formation Minor Saline Reservoir
% ig Minor Saline Reservoir
k-]
S | TuscaloosaGroup | % | Marine Shale _
§ § PI|D't Sand Saline Reservoir
bl Massive sand
O Washita- Dantzler sand Saline Reservoir
3 Fredericksburg Basal Shale | Primary Confining Unit |
E ‘Upper’
o Paluxy Formation ‘Middle' Injection Zone
& "Lower'
c Mooringsport
z Formation
Ferry Lake Anhydrite
Fodessa Fm.
Upper' Qil Reservoir
Donovan Sand ‘Middle' Minor Saline Reservoir
‘Lower’ 0il Reservoir




Geologic Characterization Results

Sandstone and mudstone units are continuous at this scale
CO: dispersion vertically
Multiple stacked plumes

=BT

‘Washita-
Fredericksburg
Basal Shale

Paluxy

9460

9520
9540

A NORTHWEST-SOUTHEAST STRATIGRAPHIC CROSS SECTION OF THE PALUXY FORMATION, CITRONELLE DOME, SOUTHWEST ALABAMA

=1 281FT>

9570
9620

9670

9710
avan

9800

9840

9900

9970

10030
10040

l Cored Intervals
l Perforation Intervals

w  Sidewall Core




Storage Mechanisms of Paluxy Form.

e EECTICTN oy
4 il €O, Saturation after i Z:' : CO, Saturation at
5k il 1 Year of Injection 1 : -1 ~10Years after End of
£ : ; September 1%, 2013 Sat::gztion ' 1 Injection
co, T ! December 315, 2024
Saturation - nsed 075
-" el 1,760 {536m) -
s T . HHH E 0.68
s 11 CO, Saturation at the 0.60 ;
g i End of Injection . ons M CO, Saturation at
N S ol 1 September 1%, 2014 L 1E ~20 Years after End of
AT B i 3 Injection
- T ey v ‘W= |3 December 314 ,2034
2 SE ; 030 =¥
g -1/ CO, Saturation at 1 Year s 0.2
s ] . .
z il after End of Injection
% i1 September 1%, 2015 0.15
i 0.08 CO, Saturation at
IE—"? 0.00 ~30 Years after End of
3 ‘ i CO, Saturation at 3 Years Decen:gj:f;;? 2044
3 | after End of Injection g
2 : September 1%, 2017

The estimated radius of the CO, plume 30 years after cessation of injection is
approximately 1000 ft. (305m), which is less than the project’s initial AoR of 1,700 ft.



4. Utilizing Reservoir Architecture

e Limiting the extent of the CO:2 plume by not completing high
permeability sand layers

« By shutting in the high permeability sand layer, the plume radius was
decreased by ~200 ft

T : 3
Plume ==—"—=—===— 3 068
Extent: — ; =0.60
~1040 ft == ' s ——0.53
R — ——0.45
High Permeability Sand Closed L 1038
- |

T ; = = N
——— i — = L1023
HIgEE=—==—=————— : . = 0.15

EXtENt i ——— | e —— — =
~1, 4 40 ft - '|||',..: 0.08
== ! ! ] ! ! T & T l: OOO

High Permeability Sand Opened



11

5. Commercial Monitoring Protocols

Pressure Gauges

Well D 9-8 - Pressure Gauge Data

4,550
4,500
T aa50
5
L
g
2
2
£ 3,400
a
4,350
.
-
4,300
12/23/2011 7/10/2012 1/26/2013 8/1a/2013  3/2/2014 9/18/2014  4/6/2015 10/23/2015
Date
——Simulated BHP - Actual Gauge S108 Pressure  ® Actual Gauge 5109 Pressure

4GFC_BAKER_NOV_2015 [C
60
SGIN_PNC_2015 [CU]

GR [AP])
Basal 0 150)
Wash-Fred

Top of
aluxy

It

Perforations
9,394' 10 9,424

L2

PNC Logs

' xLow Sigma Anomalies

= Results of the PNC logs demonstrate
confinement in the injection zone.

Deigms) Deetlyre) —
w2 Wz
Temegranite) - D$-6-0-7 Velocity Difference Image Tomagramia) ——
%0 om0 om0
Vphdn) —— Volkts) ——  GAlapl) ——
— e ma oo me
=
; b=

No significant negative |[% &
velocity anomalies | ===

Injection Zone

Decrease in velocity =
(negative anomaly)

FEE
2
=
=
£3

1

WANY:
e

Velocity (i

e

Y

=
X

[Sp——

Crosswell Seismic

» Replacement of brine with CO2 caused a
decrease in velocity through the storage
geologic unit
 Time-lapse survey during injection in June
2014



Spinner Surveys

e R T Sand| Sand Unit Properties (ft) |Nov2012|Aug 2013|Oct 2013

I mm;T”mm:ﬁ J= % = ® | Unit|Bottom Top Thickness| Flow % | Flow % | Flow %

I e J | 9,454 9,436 18 14.8 18.7 16.7
- im | 9,474 9,460 14 8.2 20.4 19.6
5 % < et H| 9524 9514 10 2.8 7.4 7.7
1. = G | 9546 9534 12 2.7 21 09
,,,,,,,, T F | 958 9570 10 0.0 1.2 1.2
ﬂ? E | 9622 9604 18 26.8 23.5 30.8
- D | 9629 9,627 2 0.0 0.0 0.0
“5? C | 9,718 9,698 20 16.5 11.8 10.3
BESE B | 9,744 9,732 12 4.9 0.6 0.4
I’i A 9,800 9,772 28 23.3 14.3 12.4
. _{,} T Caged Fullbore Flowmeter (6 arm CFBM)
i ;E» -
i§
[’ast
4'? —




13

18 Level, tubing deployed,
clamping geophone array (6,000-
6,850 ft)

Two in-zone quartz
pressure/temperature gauges for
reservoir diagnostics

U-tube for high frequency, in-zone
fluid sampling (tube-in-tube
design)

Fiber optic cables for distributed

temperature (DTS) and acoustic
measurements (DAS)

— Heat-pulse monitoring for CO,
leak detection

— Acoustic array for seismic
(equivalent to 3m spacing)

2 7/8” production tubing open for
logging

6. Experimental Monitoring: MBM

Geo

MBM Design: Flat-Pack and Geophone

DTS, Heater, DAS

Flat-pack replaces 7 lines Hybrid 6-copper, 4-fiber-optic cable

phone clamp hydraulic line

\ Hybrid copper fiber-optic cable Geophone TEC

\

Tube-in-tube U-tube sampler Coax P/T monitoring cable




Experimental Monitoring: DAS

2014 DAS-VSP Survey Results E i |
« Migrated image > =
- Observed strong reflectors Wiox
- Good tie to formation logs (e.g., Midway
Selma Chalk) Soima 'ij‘f”l 1]}?41111" iill%,]n

» No “bright” spot observed where CO,
was injected

2014 DAS-Cross Well 45 ""
Survey Results

“uy

: A
f(reeeer ‘ﬂ
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I

Paulsson, Inc.

Advanced Borehole Seismology since 1977
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2. First time CO: transfer of

7. Support the United States’ Largest Commercial Prototype
CO, Capture and Transportation Demonstration

1. Injected, stored, and monitored

114 kt for the largest (at the o000

time) integrated commercial
prototype CCTS project at a 100000
coal-fired power plant.

custody occurred between an
anthropogenic source and a
transport/storage operator.

60,000

Cumulative Metric Tons CO,

40,000

3. First with Class VI elements in s

their COz injection permit.

4. Demonstrated non-

endangerment (Class VI
protocols) and closed permit
(first).

August 20,2012
L++=T| injection operations begin

JJJJJ

zzzzzzzzzzzzz

g g g g
Daily CO2 Rate, Metric Tons

g

g



Contact

Office Locations

Washington, DC

4501 Fairfax Drive, Suite 910
Arlington, VA 22203

Phone: (703) 528-8420

Fax: (703) 528-0439

Knoxville, TN

1210 Kenesaw Ave, Suite 1210A
Knoxville, TN 37919

Phone: (865) 240-3944

Advanced Resources
16 International, Inc.
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