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1. Benefits to the Program

e Goal-

Predict geologic CO, storage capacity within +30%

* Project benefits --

Quantify CO, storage at five Kansas fields through compositional reservoir
simulations addressing storage efficiency and optimized use of CO, for EOR

Simulate commercial scale (>30 MM tonnes) storage at 10 regional sites
analogous to Wellington & Cutter fields

Refine CO, storage capacity of the Arbuckle saline aquifer in southern Kansas
(25,000 mi?) through use of large-scale compositional simulation (currently 9-
75 billion tonnes, 200 yrs. KS emissions)

Utilize extensive digital (LAS) log database, 3D seismic, gravity-magnetics,
and remote sensing to evaluate site suitability, risk, and storage efficiency

Allow user to query and analyze information via Interactive Project Mapper,
NATCARB, and suite of Java applications



Project Overview:
Goals and Objectives

Model CO, storage at Wellington & Cutter fields and three additional fields in
southwestern Kansas

— Success —

a) Drilled 3 basement tests, 2@ 5200 ft TD at Wellington Fld & 1@7700 ft (Cutter FId)

b) Cored 2552 ft of Arbuckle and caprock in Wellington and Cutter fields

c) Collected 22 mi? of multicomponent 3D seismic

d) Sampled and tested brines from 35 DST, perf and swab operations in three basement tests

e) Built static (Petrel) and dynamic models (CMG) with CO,, storage and EOR outcomes

Static and dynamic modeling of the Lower Ordovician Arbuckle Group in
southern Kansas (25,000 mi?) (Predict CO, storage within £30 percent)

— Success —

a) Mapped the aquifer’s hydrostratigraphic units/flow units and confining strata;

b) Establish distinctive geochemical signatures of brines in hydrostratigraphic units through
extensive fluid sampling and analysis;

c) Simulated commercial scale CO, injection at 10 sites;

d) Regional storage capacity accomplished using composition simulation, flow units, and their key
properties (@, kv, kh, Pc) realized from core, test, and petrophysical data obtained from
Wellington and Cutter field calibration boreholes. 4



Regional and site studies
to evaluate carbon storage in Kansas
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Kansas Interactive CO, Mapper

access to key maps, static seismic volumes, modeling results, well data,
gravity/magnetics, remotely sensed surface lineaments, faults, and earthquakes
(data exchange with NATCARB)
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CO, Injection Zones in Arbuckle and Mississippian

Wellington Field KGS #1-28 --- Java applet used to d
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Kansas Geological Survey HH-50406
Planned CO,
LABORATORIES Sumner County, Kansas
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Kansas Geological Survey HH-50406
Weatherford Wellington - KGS - No. 1-32 Well
LABORATORIES Sumner County, Kansas

4330 4333 4336 CORE IC; 4339 4342 | “434‘-5“. Aq u i CI u d e/baffl e

T = ST M TP} LR

In the middle of
the Arbuckle

argillaceous
dolomite & shale

Lower and Upper Arbuckle Are Not
in Hydraulic Communication

SR WSMOW [a)

10 8 6 4 2 o 2
0
= GMWL Oxygen & Hydrogen
wreeees MWL 510 isotopes of brines from 10
..... MWL 5H DST and perf & swabbing / seswater_ "
K SEAWATER ‘1;.‘Jm\\0
® arbuckie T ,."' Yo
iasissinl mizsm—-' o
B Mississippian - ‘...‘
15'3}'1“\:'\ 1]25m =20
t r - r'.-1|55|551pp'|a'1
Upper Arbuckle Brines ¢
-- distinct P [distinct from .
P Arbucklg)
Lower Arbuckle
injection interval =
u'ater’I"t'n.tfr:ur“ul.lpper-rbu kle and Miss 0

~L:mer intervals are also geochemically homogeneous
70

..... Scheffer, 2012 B

&H WSMOW [%a]



Thin Sections — Baffle Zone (Mid Arb.)
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Depth (horizontél axis) vs.

whole core analysis
- 4.5 orders of magnitude
variation in permeability
compared to porosit
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Correlations Between K, and K, Obtained From

Whole Core Analysis & Five Petrofacies Groups
(K, necessary to model crossflow between flow units)

Group 1
There are 15 whole core samples in
this group; both vertical and horizontal
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Range of Pore Types in Arbuckle Group

-- expressed by variations in capillary pressure profiles with

supercritical CO,

Pc(psi)

300

250
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Calculated Drainage Pc for RQl Group in Arbuckle
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Pc correlated to ——RQJ 25

Reservoir Quality Index —RQI6.25
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“TRIPLE COMBO” PERMEABILITY --
REALIZATIONS FROM MODERN LOGS OF
TYPE WELLS USING NEURAL NETWORK

RHOmaa and Umaa were not found to contribute significantly to
permeability prediction, although they suggest that chertier dolomites
tend to be more permeable than dolomites. However, gamma-ray, porosity,
resistivity were useful as predictors, and so the model input requirements
are from a basic triple combo well log suite common in Type Well
Database:

1. GR (Gamma-ray, APl units)
2. PHIt (volumetric porosity%)

3. PHIr ( connected porosity estimated from
resistivity log %)
PHIDensity = (2.71 - RHOB[]) / (2.71 - 1)

Rwa = (((PHID[]+PHIN[]/2)*2)*(ResDeepl[]/1)

PHIr = (Rwa[]/ResDeep[])".5 Doveton, KGS



Comparison of kj,

permeability in validation
well (Wellington KGS #1-
28) using neural network
with different numbers of
nodes in the hidden layer
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Structural cross section showing
regional Arbuckle flow units, southern Kansas
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Utilization of refined models from 10 sites

local grid refinement, Site 4b, SE Kansas
-- each of 10 sites analogous to Wellington and Cutter fields
-- structure with overlying oll field for infrastructure CO,

'S Kansas Arbuckle'!lega!lodeﬁli-’
Grid Top {ft) 2014-01-01 7

SKanses ok Negalodel || peeaing
HEEEEEE

Grid Top (ft) 20140101 K layer: 1

azelalavi, Doveton, K



MegaModel (simulation) and 10 regional sites for
commercial-scale simulation
2"d generation CO,, Storage Capacity Estimate of
the Arbuckle in Southern Kansas (25,000 mi?)

50 mi
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e 10 local modeling sites ( ) mcludlng Cutter and Welllngton flelds

» Simulation of entire 25,000 mi% based calibration of key variables at Wellington and
Cutter fields (flow units, ®, kv, kh, Pc to sCO2,solubility and geochemistry)

 Predict CO, storage within £30 percent Williams, Gerlach, Fazelalavi, Doveton, KS CO,



Accomplishments to Date

KGS Milestone 1.2: Acquire/analyze seismic, geologic and engineering data - Wellington
field -- COMPLETED

KGS Milestone 1.3: Develop initial geomodel for Wellington field -- COMPLETED

KGS Milestone 1.4: Locate and initiate drilling of Well #1 at Wellington field --
COMPLETED

KGS Milestone 2.1: Complete Well #1 at Wellington - DST, core, log, case, perforate, test
zones -- COMPLETED

KGS Milestone 2.2: Complete Well #2 at Wellington - Drill, DST, log, case, perforate, test
zones -- COMPLETED

KGS Milestone 2.3: Update Wellington geomodels - Arbuckle & Mississippian --
COMPLETED

KGS Milestone 2.4: Evaluate CO, Sequestration Potential of Arbuckle Group Saline Aquifer
- Wellington field -- COMPLETED

KGS Milestone 3.1: CO, sequestration & EOR potential - Wellington field — 98%

KGS Milestone 3.2: Characterize leakage pathways - Risk assessment area --
COMPLETED

KGS Milestone 3.3: Risk assessment related to CO,-EOR and CO,-sequestration --
COMPLETED

KGS Milestone 3.4: Regional CO, Sequestration Potential - 33 Counties — 99%
29



Summary

 Key findings

1.

Final estimates of CO, P10 & P90 storage in the Arbuckle aquifer nearly completed using
dynamic modeling at 10 regional sites and MegaModel spanning southern Kansas.

Use of a petroleum reservoir approach to assessing regional storage should improve the
estimation of geologic CO, storage capacity to within +30%

Testing and evaluations performed at calibration sites provided robust input for the
regional models.

Calibration was accomplished with multiple, independent methods that addressed the
reservoirs at all scales.

Approaches used by petroleum industry permitted extending key reservoir properties -
vertical and horizontal permeability-> rational flow units = closely conforming with
regional stratigraphic correlations.

Our concept --- Studies of CO, storage focused on oil fields introduces commercial
deployment in Kansas that will lead to additional carbon storage Kansas’ thick underlying
Arbuckle saline aquifer.

 Future Plans
— Complete the final report.

30
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ORGANIZATIONAL STRUCTURE

Modeling CO,; Sequestration in Saline Aquifer and Depleted Oil Reservoir to Evaluate Regional CO,
Sequestration Potential of Ozark Plateau Aquifer System, South-Central Kansas

ey DOE project -- DE-FE002056

W. Lynn Watney - Joint PI

UNIVERSITY OF KANSAS

Kansas Geological Survey KU Department of Geology
Co-Principal Investigators Co-Principal Investigators
Kerry D. Newell -- stratigraphy, geochemistry Evan Franseen --sedimentology, stratigraphy
Jason Rush -- Petrel geomodeling and data integration Robert Goldstein -- diagenesis, fluid inclusion
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Co-Principal Investigators David G. KOGER, Dallas, TX - remote sensing data and analysis
Saugata Datta -- reactive pathways and reaction constants Weatherford Laboratories, Houstor, TX -- core analyses
Abdelmoneam Raef -- seismic analysis and modeling CMG - Simulation Services, Calgary, Alberta --greenhouse gas simulation and software
Halliburton, L/beral, KS -- wireline logging services

Grad Research Assistants Hedke-Saenger Geoscience, LTD., Wichita, KS - geophysical acquistion, interpret & design
Robin Barker (graduated) Susan E. Nissen, Mclouth, KS -- Geophysical Consultant, volumetic curvature
Derek Ohl - seismic analysis and modeling Lockhart Geophysical, Denver, CO -- acquis & interpret 2D shear wave, gravity & mag
Randi Isham -- seismic Fairfield Industries, Inc., Denver, CO -- 2D, 3D multicomponent seismic processing
Brent Campbell - agueous geochemistry Paragon Geophysical Services, Wichita, KS -- 3D seismic acquisition

Echo Geophysical, Denver, CO -- 3D seismic processing

Martin Dubois, IHR, LLC -- team lead, geomodeling Noble Energy, Houston, TX; Denver, CO -- collaborating co., fields adjoining Wellington
John Youle, Sunflower Energy -- core and depositional models
Ray Sorenson, consultant -- data acquisition and advising
Eugene Williams, Williams Engineering -- reservoir modeling
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Preparation, Drilling, Data Collection and Analysis - Test Borehole #1

Preparation, Drilling, Data Collection and Analysis - Test Borehole #2

Update Geomodels

Evaluate CO2 Sequestration Potential in Arbuckle Group Saline Aquifer - Wellington field

Evaluate CO2 Sequestration Potential by CO2-EOR in Depleted Wellington field

Characterize leakage pathways - Risk assessment area

Risk assessment related to CO2-EOR and CO2-sequestration in saline aquifer

Produced water and wellbore r 1t plans - Risk 1t area

Regional CO2 Sequestration Potential in OPAS - 17 Counties

Regional Source-sink relationship

Technology Transfer

Extend Regional Study of Ozark Plateau Aquifer System (OPAS) to the Western Border of Kansas — “Western Annex”

Collect and Analyze Existing Data for Developing Regional Geomodel for Arbuckle Group Saline Aquifer in Western Annex

Acquire (New) Data at a Select Chester/Morrow Field to Model CO2 sequestration Potential in the Western Annex

Update Geomodels and Conduct Simulation Studies

Integrate results with larger 17+ county OPAS project
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