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Completed evaluation of CO, storage and utilization in 25,000 mi2, 33-

Overview

county area in southern Kansas, DOE-NETL contract DE-FE0002056 and

partner cost share

— Southwest Kansas CO,-EOR Initiative

— CO, utilization in oil fields and storage in Arbuckle saline aquifer in southern

Kansas

— Cutter Field site characterization, Stevens Co.
— Wellington Field site characterization, Sumner Co.

Pilot CO,-EOR injection began January 9, 2016 in Mississippian dolomite

reservoir in Wellington Field, Sumner County, Kansas (DE-FE0006821)
Pilot CO, injection into Arbuckle at Wellington, pending EPA Class VI

permit

Steps toward implementing CO, Utilization and Storage (CCUS) in

Kansas
Summary

TENTATIVE SCHEDULE SMALL SCALE PILOT CO2-EOR AND SALINE CO2 INJECTION, DE-FE0006821

2016

2017

2018

Jan Feb Marct April May June

July Aug Sept Oct Nov

Dec [Jan Feb Mar April May June July Aug Sept Oct Nov

Dec n

Drill #2-32 Miss injection well, pressurize, install surface CO2 equipment

Task 11.
Task 16.
Task 17.
Task 19.

CO2 Transported to Mississippian Injector and Injection Begins

Drill Monitoring Borehole (2-28) for Carbon Storage in Arbuckle Saline Aquifer
Reenter, Deepen, & Complete Existing Plugged Arbuckle Borehole (Peasel 1)
Retrofit Arbuckle Injection Well (#1-28) for MVA Tool Installation

EPA hold information public meeting on Class VI application

Obtain Class

Task 21.
Task 22.
Task 26.
Task 29.

VI permit to drill

Fabricate Utube and CASSM

Retrofit Arbuckle Observation Well (#2-28) for MVA Tool Installation

Begin Injection at Arbuckle Injector

Post injection MVA - Carbon Storage

Closure of Carbon Storage Project in Arbuckle Saline Aquifer at Wellington field

6 months to fabricate

Close Class VI Arbuckle injection
August 30, 2018 with repeat 3D seismic



Total annual CO, emissions in Kansas in 2015

45.92 million tonnes

Potential Saline storage capacity for 210 to 1,853 years of Ks emissions
| Oil an gas reservoir storage capacity for 271 years

About Help

A National Look at Carbon Seques{r;tiunﬂ e . v =&+
RCSP | ATLAS | Field Projects | WCCUS | Brine | USGS ® ® . 3D &
is? 2 e

Total Emissions: 45.92 mmt
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Geologic Carbon
Utilization & Storage

Ceeil kel cig : |
ANG 10755,

Industrial

Uses and - 4 ]r_ ty, 5
Food -4
Products : ” el

o = . The 2015 United States Carbon
Utilization and Storage Atlas — Fourth
To Market gt S Edition (Atlas V)

' DOE-NETL

Global annual CO, emissions =
8 * 10° tons

CO, Stored in Unmmeable Coal Dlsplaces Methane
from Coal (ECBM Recove

Earth Policy Institute

CO, Stored in Depleted Qil/Gas Reservoirs
Displaces Trapped Qil (EOR)

>400 yrs
Clirveat Saline Aquifers 3,297 -12,618| 91.8-975 *
Global

emissions Unmineable Coal Seams 157 — 178 ‘ 44-14

peAT f £ : o =
CAPROCK RS S = y : : 2 Mature Oil & Gas Reservoirs 138 3.8-11
THIS IMAGE = s £ s : I - |
RESERVOIR ROCKS IS NOT TO SCALE 1 i




CO,-EOR Technology & Carbon Management Research in Kansas

_SW Kansas CO,-EOR Inltlatlve e Utilize oil and gas field Infrastructure
lI—lR - 7

‘ e Utilize comparable approaches to characterization and
simulation of oil and reservoirs

e Evaluated 10 sites for commercial scale carbon storage
sites in aquifers beneath existing oil fields

e Conduct small scale CO2-EOR injection at Wellington
Field, Sumner County Kansas
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Completed evaluation of CO, storage capacity of a
25,000 mi?, 33-county area in southern Kansas

* Southwest Kansas CO,-EOR Initiative
e CO, utilization in oil fields and storage in Arbuckle saline aquifer in southern Kansas

(8-70 billion metric tonnes CO2, P10/P90; volumetrically; 4 billion by simulation based
on injectivity and storage)
e Site characterization = Cutter Field site, Steven Co., Wellington Field, Sumner Co.

. Maximize new information gained to quantify key
Project workflow . : . . .
variables in CO, injection and storage in Kansas
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SO g Wellmgton

— Field- o
I,Ilmfms (2015) j. | i
" ~180
Regional Scale CO, Storage Capacity Simulation in the Lower MM t

Ordovician Arbuckle Group

e South Western and South Central Kansas
e 10 areas — benchmark sites
e One “mega” model

e Utilized database for simulating large scale brine disposal to understand
induced seismicity in south-central Kansas




West-East structural cross section showing
permeability distribution in 16 Arbuckle flow units,

southern Kansas

: 4= . . o
E Y= 100x Vertical Exaggeration By, ]
F o Y
Fr 8 )
.: | » i “ % g o P .
: 000 1300 600 M0 500 6500 7A0 9100 M4m0 11700 13000mk Y o i :
n 00 20 RO B0 H©0 B0 160 90 60 (e EIU.Dka“ b SR ]
- Ny E
I 26 0 I:I IIIII|IIHII I
: Lower k ~ 1
C 3% B ]
A .
11.00e+1E
E — 52040 E
L —atted 7
— 1.78e+(
:_ ...... — 1.00e+0F 1
[ . — 621
Z I 'I||Ill|i“'i T | ngher k 31621 :
:—g [ |i“iiiiiiHiiiii“iiiiili“iiii“iiiiiiilu|I|I||I|||||1 i Sedgwick Basin 17,
. L B 1001
: 1000 ft VE = ~132x R P - F?cus of MLP . NE
F 300 m o - high volume & rate disposal .
= v.dndex'map,Kansas  * ;i =
C I® o i D 5 %1 A o T L
& ""J"mﬂ”'.‘ Tope®a e Kansas
oF 9% o | | o Based on realizations of horizontal
© oq 8
£ Wellington per.meablllty: md
S 7 A2 i * Calibrated with core, logs, test data
R’ q 8 at Wellington and Cutter Fields
% o Williams, Gerlach, Fazelalavi, Doveton, KGS team, KS CO,




Rock types mapped in Arbuckle
at Wellington Field Based on RQl

RQI(reservoir quality index) = 0-0314\/Perm/Porosity
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Vertical permeability (mD) distribution in the

Arbuckle saline aquifer beneath Wellington oil field
-- east-west cross section through the injection well (KGS 1-28)
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Proposed area of reduction of disposal for
management of induced seismicity

Large Volume Arbuckle Injection Wells
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Fig. 3. Simplified workflow for the technical work showing the main inputs and construction of the static
model and inputs and simulation in the dynamic model.

Dynamic simulation suggests that the four small fields could be viable target for CO, storage
with concurrent EOR. Combined the four fields are projected to be capable of storing 5.41
million tons of CO, (93.3 bcf) while producing an additional 13.2 million barrels of oil (18%

of original oil in place). Final Report, DE-FE0002056 October 2015
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DOE-NETL Contract #FE0006821
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The University of Kansas

L. Watney (Joint PI), J. Rush (Joint PIl), T. Bidgoli, J. Doveton, Brian Dressel, DOE Project Manager
E. Holubnyak, M. Fazelalavi, R. Miller, D. Newell, J. Hollenbach
(static & dynamic modeling, well test analysis, high-resolution
seismic, passive seismic, accelerometers, geomechanical analysis,
project management)

Dana Wreath & Adam Beren
(field operator and operations,
repeat 3D multicomponent seismic)
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Tom Daley, Barry Freifeld (CASSM, U-Tube, cross well seismic) Making our planet more productive
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T. Birdie (Class VI permitting, monitoring,
synthesis, reporting, closure)

Jennifer Roberts, Leigh Stearns (cGPS), Mike Taylor (InSAR), George Tsoflias (passive and active seismic)
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Wellington Field
Site of Small Scale Field Test

Top Mississippian Structure, 10 ft C.I.
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Wellington Field — eastern calibration site

Mississippian siliceous dolomite reservoir &
Arbuckle aquifer saline aquifer

KGS 1-28\ ,KGS 1-32
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Pilot CO,-EOR well drilled in 2015 and injection began
In January 2016

Mississippian dolomite reservoir in Wellington Field
Sumner County, Kansas

Berexco LLC

Wellington KGS #2-32

2680'FSL & 709'FEL, Sec 32, T 31S, R1W
Sumner County, Kansas

Drilled in March 2015

[l o)
Fossil'Drilling
iV

§ DEVILBISS
. CORING
8 SERVICE, INC.




Linde Group —CO, supplier for the
Wellington Field pilot CO, injection

Hammerfest LNG Project Norway - CO,-Reinjection I alM -
ok Y lnd THE LINDE GROUP

World's first industrial project to deliver CO, separated onshore back offshore
and injected into a reservoir

- Europe’s first export facility for
liquified natural gas (LNG)

- Terminal and process plant on
Melkoyaisland outside Hammerfestin
northern Norway

- Annual LNG export: 5.67 billion sm3
- (O, - Content: 5.0% to 8.0 %

- (0, captured in onshore plant

- Conveyed back with subsea pipeline

- Storage underground

- Emission reduction of more than 50 %

- Norwegian C0,-Tax: 50 Euro/ton




Praxair -- CO, supplier for Wellington Pilot

Upstream Oil and Gas

e Enhanced Oil Recovery

— Over 30 years experience with
Gas Displacement Recovery
(GDR)

e Nitrogen
e Carbon Dioxide
— More than 25 projects

e Well Stimulation Services
e Fracing
e Wellbore damage cleanup

e CO2/N2 EOR Services
— Pilots
— Injection test and huff-n-puffs

e CO, Capture & Purification

Exxon Hawkins Field,
85 MMscf/d 2,000 psi




Wellington Field site characterization
Sumner County, Kansas under DE-FE0002056

Wellington Field

TR A R
6 mi (10 km)

20 MM Barrel Oil Field above Arbuckle Group KU

Cherty Sucrosic Dolomite
Sedimentary Features Have Been Masked During
Dolomitization

Convoluted dark gray chert nodules are
scattered in the matrix and appear

autobrecciated Montalvo, KU & Barker, KSU

(60 m)

Mississippian Oil Reservoir & Arbuckle Saline Aquifer
Showing Mewly Drilled Wells and Wells with Modern Logs

KGS 1-28., (KGS 1-32

Rush, KGS

NW-SE PSDM Seismic Profile
Mississippian Oil Reservoir
Projected Throug

J. Rush, KGS

h 5-Spot Injection (CO,-EOR)

High porosity



No Osage or Kinderhook Mississippian = mid ramp Mississippian pay zone in
Berexco WeII|nton KGS #1-32
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Halliburton Nuclear Magnetic Resonance
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Forecasted CO, Movement in Reservoir

CO, Concentration
EE T 7] ] e
0 010203 04 05 08 07 08
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Y. Holubnyack (KGS)

Water injectors ¥ open

Water injectors open / \

lmb|b|t|on Relatwe Permeability Forecasted Pore-Pressure Distribution
for each RQI range (Oil-Brine) _ 1 Year after CO, Injection
' M. Fazelalavi (KGS) ey o / a
'IBettarresarvoiﬁrh —waen &g
l I Kw ;E
TR T
130 IR —

Ko,w
=
o

KGS 2-32 injects water at 500 bbl/d

Top Mississippian structural elevation (25 ft contour interval), (upper right) forecasted CO2 movement after
26,000 tonnes, (lower right) pore pressure distribution used to control the sweep of the CO2, and (lower
left) relative permeability curves determined for each reservoir rock type (reservoir quality index).



CO,-EOR injection in area of reservoir with

uniform porosity profile of reservoir
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\ Small fault acting as barrier to flow on east
side of pilot site (250 ft from the fault)

* Porosity thickening indicative of low-angle,
westward progradational wedges
e Confirmed by 3D seismic

2308000 2308000 2310000 2312000
0 1000 2000 3000 4000 &5000ftUS J. Rush (KGS)




Petrel-based porosity map of the Mississippian reservoir

CO2 injection well is red colored vertical line

Low porosity noted east and south of the injection well, KGS #2-32.

Thin north-northwest trending yellow line is the trace of the medial fault.

J. Rush (KGS)
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Permeability =~

.

Petrel-based map of permeability for the Mississippian oil reservoir.

CO2 injection well is red colored vertical line.

Lower permeability noted east and south of the injection well, KGS #2-32.
Thin north-northwest trending yellow line is the trace of the medial fault.

J. Rush (KGS)
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AVO (amplitude vs. offset) derived porosity along zone of maximum
porosity in upper Mississippian oil reservoir.
White area to east and south of the CO2 injection well corresponds with

lower porosity. B. Graham and G. Tsofilas (KU)



Wellington Mississippian CO2-EOR Small Scale Injection began January 9, 2016
— operated by Berexco, LLC
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Wellington Field small scale CO2-EOR
Jason Bruns (Canon Well Services) and Dana
Wreath (VP Berexco, LLC) with KGS staff
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CO, Utilization in
Enhanced Oil Recovery (EOR)
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Combined pH, Temp brine, and alkalinity

r|é_f_;| Gridding & Mapping Plot Animation — - |

Some CO2 being vented, but less that 2-day’s supply in total, 4,500 MCF Kansas Geological Survey
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NN ..

Colorlith Brine Data Map
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Cumulative CO2 injection through 3-31-16 = 96,949 BBL. ~10,000 tons
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Cumulative CO2 injection through 4-14-16 = 101,600 BBL., ~13,500 tons

1,000,000.00

Cumulative CO2 injected (MCF)

v

100,000.00 \ N R casassatattl
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Modeled supercritical CO, at KGS 2-32

vertical cross-section
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Ideal oil recovery with 26,000 tonnes of CO, injected

Forecasted Oil production Rates and
Cumulative Production for
Wells 53, 61, & 62

Total oil production for CO, EOR: 81,064 bbls.

=
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Total oil production for incremental waterflood: 12,456 bbls

Value of incremental oil to be offset by added cost share
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Pilot CO, injection anticipated for
Arbuckle at Wellington,
pending EPA Class VI permit

Simulation of CO2 injection at Wellington into high
permeability hydrostratigraphic unit in lower Arbuckle

Well KGS 1-28 — - y
Top of Arbuckle {+HT| Tl'i: b

40 kt of CO./9 months |
2, o, | 41681t ¥

Comparison to CMG Simulation for Commercial-scale
injection -- Area 1 (Wellington Field) — CO, gas
saturation In the Arbuckle 2 Up to 207 MM tonnes at

9 Wellington Field
3 .
—— 0.9
|| Perforation Zone L::"’"'-'li—l—— m— - 1 Ga SanxﬁREg‘l 100 :
4910-5050 ft, 140 ft g . - 0 s Sahuration after 100 y7s
000 025 050 075 'I‘D-Elmlle. =z — - = I 1] wat
Rt ~———| Bottom of Arbuckl o =
' om ucKle
E. Holubnyak, KGS S160 11 "':
Vertical pressure distribution at maximum stress just 3 injectors =
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I Z £ T : 5 * i . -1
it i1
o 16 flow units | sind
285 B
340 Gasconade Dolomite to et
1215 Gunter 5s. interval

100 1 ¥
1185 1 -1

140 Maximum rate of injection and cumulative injection wet 005
15 8.7 up to 154 MMCF/D with 7.5 to 207 MM tonnes €O, injected 0

:: [/. (500 tonne to 9000 tonne/day)
: a0 “\  viause of multiple and horizontal wells to maximize
_____ s - . Holubnyak, - E. Williams
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C) Drill Arbuckle Monltorlng
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18 seismic seismometer array operating at
Wellington Field to monitor CO, pilot tests

I
1

KGS Study Area - Sumner County, KS { . o l i i 1 :'_ _,. -l % vl I. | IRIS Seismometer Instal Iation

@ seismamessr Locations
ﬁ/ KGS 1-28 COZ Injection Well

' Proposed Mis D
S Propoed Miss Inj Well

terization Well
nstoriag Well

e Lines

Modeled Miss €O junse Extent (Base Case)
==

e o iU CO2 Phume Extent

: : i
Housing setup for Sercel (Mark Products)
LV L-22D-3D sensors, ~6 1t below surface to
, R minimize surface noise; installed below
p = e 3 frostline in bedrock

N,

-‘5'33—'T3IS-RW\'

Shelby Peterie, KGS Exploration Services,
checking installationin July 2014
21
R. Miller and §. Feterie, KGS

Resolution of Hypocenters from IRIS
Seismometer Array at Wellington

Refining location of eperational seismicity Mississippian and Arbuckle injection zones
— Inttialty forthe CO2-EOR injection to have good impedance

evaluate feasibility of methodology

Artitrany ssismec Impedancs proile

[T S PR Y P —

) Sensors ) THanguisle hppocenters — e s w -
G. Tsoflias 43 —~F
Alex Nolte n S
KU Geology v —— s leve
J. Hollenbach & E—
. . evenis/iday 4
J. V|Ct°r|nel KGS minimum magniude 03 Adapting Java toolsetto manage, interpret, and 'imm&dwnh
displ_aysulutimjs on project maps {Vicmrinle. KGSE) well logs and strstigraphy — Jav3 app. aiseree, €55)
maximum magniude 14 = Time, location (x,y z) of event from seismometers — = I T —— s |
— ol . ; t] T ok
average magniude 0.6 e B ]

- Earthworm software for
automated detection of

earthquakes. S ———
- Reporting 2.5+ magnitude per . -
U3GS convention.

Minimum magnitude versus distance fom the network

Cpersional ssismicity fom aciive food being
recorded in Wellingion Ficld - . .

+ Ressarch underway fo improve locafion of hypocenters of Tinifial recording over one weeks time

Eveniz R. Miller and 5. Peterie, KGS




Map showing magnitudes of earthquakes recorded
by USGS in NEIC catalog during the period 7-17-15
and 3-27-16 in Harper and western Sumner Co.

Kansas Geoiogica_'l_ Survey
Kansas Earthguakes
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Preliminary map of dates of earthquakes

in ~10 x 10 mile area around Wellington Field
recorded by Wellington 18-seismometer array

Kansas Geological Survey

Kansas Eaxrthgquakes

2015-04-14 19:25:53.0 to 2016-03-27 13:12:07.0

Through 3-27-16

A
<0 :’_%:_;
4
P
A2 O
<&
e -
o,
-
' &
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are more reliable due to proximity to the array.



Kansas Geological Survey
Kansas Earthquakes
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Sample Leg
Drive Leg

[ﬂ Ball Check Valve

pid
[l Sliding End Packer
-

Inlet Filter:
40um sintered
stainless steel

T. Daley, LBNL

Monitoring, Verification, and Accounting
in the Arbuckle pilot injection

Real time detection using continuous source cross-well seismic

U-Tube

B. Freifeld, LBNL

CASSM & Croswell Seismic Tomography

Injection
Well ?

Distance (m)
1:} ZIO

Medeled CO, plume
Obs

Nov 30, 2004

5000

Depth (Rt below GL)

5050

& 0 008 01 015 02 02 03

, I
T. Daley, LBNL S e

Observation
Well

* Innovative monitoring technologies:
— ¢GPS recording since August 2014

— Satellite based radar data being collected to monitor ground motion at mm-scale

Delay Time (ms)

Sensor Depth (m)

— Observe small (-0.5 to 1 M) operational (Mississippian waterflood) seismicity since Sept. 2014
—  Prospect remains to secure Distributed Fiber Optic Arrays with VSP for Arbuckle monitoring

1 -
0.8 1630
0.6 1650
0.4 ¢ 1658
0.2 m 1666
0 ¢ 1680
-0.2
268 269 270 271 272
InNSAR in
4 conjunction
N s with cGPS

M. Taylor, KU
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Operational plan for safe and effective injection
in the Arbuckle at Wellington Field

Monitoring based Rapid Response Plan Under review

by EPA

W@Hﬂgﬁ@ n itori durd Operational plan for safe and efficient CO2
PT@j@@t injection as part of

Draft emergency and remedial response plan
Wellhead

Seismometers|| <GPS InSAR CAssm || 2D&3D for Class VI permit
Prasmse Seismic The success of the Monitoring and

. Rapid Response Plan developed for
Cont Week 2x . ..
o Mo y the Wellington Project is based on
prioritizing the monitoring
technologies:

Hall Plot | | Pressure ||\ Mi“_-J U'T“b‘J USDW H Pause 1) Reliability of the data and
Analysis | [Fall-Off Test Sampling||Sampling| [Sampling| |Injection approaches used to analyze the

data,
- Injection Control Plan - 2) Frequency that the datais
- Wellington Seismic Action Plan acquired during injection
- Monitoring-based Rapid Response Plan 3) Sensitivity and precision of the
- Emergency Remedial Response Plan monitoring method and its
ability to detect small changes in
5 + Wellbore plugging CO, plume behavior;
i ;:f?:mmw,d ;. Enhenced injectivky 4) Location and therefore
= - Opening o zone . . .
g N Frecture extension resolution from which the data is
=
2 Radial flow __.:'; P ,-| Fracture near the well COIIeCted'
3 > 5) Spatial resolution and coverage
8 lllustration of Hall Plot of the CO, plume; and
& depicting normal radial 6) Ability to detect movement out
£ flow and changed L. .
: Hall Plot reservoir conditions of the injection zone both above
- as recommended by and below the injection zone.

Cumulative injected water, W; (bbl) EPA

http:/iwww.epa.govirSwater/uic/ntwg/pdfs/induced-seismicity-201502.pdf




Kansas concept of large-scale
commercial carbon storage via CCUS

Hazlumgs

* Major oil and gas reservoirs as candidates -
for CO,-EOR & existing CO, sources in Kansas L

25
1 1 | 1 1 1 ]

* Regional study aréaof the Arbuckle saline aquifer (yellow box)
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Implementing CO, utilization and storage (CCUS)
in Kansas

Carbon storage and utilization offers significant potential to
revitalize Kansas’ oil fields.

— A 2010 report for the Midwest Governor’s Association with input from
Tertiary Oil Recovery Program and KGS indicated more than 750
million barrels of oil are potentially recoverable in Kansas with
enhanced recovery methods using carbon dioxide

— Over 50 million metric tons of geologic sourced CO, are injected
annually into oil reservoirs in the US, mainly in West Texas, with
roughly 400,000 bbls of incremental oil recovered per day using the
available supplies of naturally occurring CO.,.

Why now?

— Improved reservoir characterization with the widespread use and
availability of cost-effective 3D seismic

— Improved geoengineering models and monitoring technologies

— All combined will likely overcome the decades of inertia that have
faced the implementation of CO,-EOR in Kansas

Are you ready?



Summary

Accomplishments

— Regional geology & estimate of CO, storage capacity in the Arbuckle saline
formation in southern Kansas

— Source-sink network for CO, utilization and storage

— Calibration sites for CO,-EOR and Arbuckle saline formation
e Wellington Field, Sumner County (3 wells, multicomponent 3D seismic)
e Cutter Field, Stevens County (1 well, multicomponent 3D seismic)

* Pleasant Prairie South, Eubank North, and Shuck fields (120 mi? of
donated seismic data and

Small scale field test at Wellington Field
— Assessment of CO, injection zone, caprocks, and isolation from USDW

— CO, plume management through simulation, monitoring, verification, and
accounting

— 52,000 metric tons CO, pilot injections from Praxair and Linde sources
Spin-off research on the Mississippian Lime Play,

lower Paleozoic hydrocarbon system, induced seismicity
Are you ready for CCUS in Kansas? IQJ

The University of Kansas
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