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Methods Based on NETL’s Best Practice Manuals

CO, Classification Table
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https://www.netl.doe.gov/sites/default/files/2018-10/BPM-SiteScreening.pdf
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STORED Project Maturity Sub-classes

On Injection

Well does not exist or not assessed

Play:A project associated with a prospective trend of potential

prospects, but that requires more data acquisition and/or
evaluation to define specific leads or prospects.

Lead:A project associated with undiscovered storable

guantities that is currently poorly defined and requires more
data acquisition and/or evaluation to be classified as a prospect.

Prospecta project associated w/ undiscovered storable
guantities sufficiently defined to represent a viable drilling target

CAPACITY Approved for Development

COMMERCIAL

Justified for Development

Development Pending

CONTINGENT

STORAGE
RESOURCES Development Unclarified

Development On Hold

DISCOVERED STORAGE RESOURCES

SUB-COMMERCIAL

Development Not Viable
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STORAGE
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Ends with a drilling prospect or existing well s o ANy
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Saline Methodology Equation

A Potential SubRegions
I. Injection Formation A limited or unavailable geologic data
0 Saline Formations, TDS > 10,000 ppm " <
O I'E N Mo

Il. Adequate Depth
0 Sufficient depth to maintain injected CO » in the supercritical A Selected Areas

state ~800 m . . - .. .
. A increased data availabilignd advgeologic interpretation
lil. Confining Zone
. L. ©w ©w LY 0 ” ]
& Contain injected CO , O 0 Q%" O
iv. Prospective Storage Resources O O OO OO0
0 Sufficient pore volumes and can accept the change in : _—
pressure to accommodate planned injection volumes
Formation
Parameter Units? Description Pair-wise Differences A B CDE FGH I JKL M
G M Mass estimate of saline formation C0: storage USGS -CSLE
’ resource, i CS L F USGS - Atlasl lI
" R i v i USDOE "uscs - Saul.
h L G hick f zaline f i for which USGS - Zhou
‘ CO, storage is assessed within the basin or USDOR CSLE . Atlasl

region defined by A. CSLF - Atlaslll,IV

ot L*/L3? Total porosity in velume defined by the net USGS CSLE - Szulc.
thickness. CSLF - Zhou
o ML Density of C0; evaluated at pressure and

temperature that represents storage Szulczews KM | T) Atlas!,ll - Atlaslil,IV
conditions anticipated for a specific geologic ZhOU (L B N L) Atlasl Il - Szulc.
Atlasl,Il - Zhou

unit averaged over hg and Az.

on ol = A

Ecaiine L2 C0; storage efficiency factor that reflects a AtlaslILIV - Szulc.
fraction of the total pore volume that is filled Atlaslll,IV - Zhou
by COs. Szulc. - Zhou

- *white boxes represent statistical diffe es




Saline Methodology Efficiency

Potential SubRegions

Saline formation efficiency factors for geologic and displacement terms.

P1o/Pgo Values by Lithology

Term Symbol : : : Description
Clastics | Dolomite | Limestone
Esatine = EAn,fAt Elmfhg E(beﬁbror Ev Eq Geologic terms used to define the entire basin or region pore volume
Litholo P P P -to- i i i
gy 10 50 90 Net-to-Total Exn | 0208 | 02/0.8 0.2/0.g | Fraction of total basin or region ar
Area with a suitable formation.
Clastics 0.51% 2.0% 5.4% —
Dolomite 0.64% 22% 5.5% " Fraction of total geologic unit that
Netto-Gross E 0.21/0.76 | 0.17/0.68 | 0.13/0.63 meets minimum porosity and
Limestone 0.40% 1.5% 41% Thickness fnvhg | 20 S -2 | permeability requirementsr
injection.
Sz Fraction of total porosity that is
Total Ereriot | 0.64/0.77 | 0.53/0.71 | 0.64/0.75 on ot total porosity
. Porosity effective, i.e., interconnected.
Log-odds stochastic approach
Displacement terms used to define the pore volume immediately surrounding a single well £
0 € € v € v injector.
A) O O O O O Combined fraction of immediate
volume surrounding an injection
(@) (@) (@) (@) (@) Volumetric well that can be contacted by €O
Displacemen{ E, |0.16/0.39 | 0.26/0.43 | 0.33/0.57 | and fraction of net thickness that i
Efficiency contacted by C@as a consequencs
i ) i ) i of the densityifference between
CGO; and insitu water.
P , P . p , p P Microscopic : ) , Fraction of pore space unavailablg
: . ] 3 3 Displacemen{ Egy 0.35/0.76 | 0.57/0.64 | 0.27/0.42 | due to immobilan-situ fluids.
(p Q )) (p d )) (p d )) (p Q )) (p Q )) Efficiency

10% of values 10% of values

*Values fromlEA (2009)Gorecki(2009

EERC Energy & Environmental Research Center

EERC... The International Center for Applied Energy Technology*




CO Z-SCREEN : OW MUCh Cgcan be 2021: Nominated for R&D 100 aw

2019: ICHEME finalist

CO, StorageprospeCtiveResource Estimation ExcaNalysis ) Sto re d i n th e S u bS u rface .. _

© Conventional coal:fired power plants release CO; directly into the atmosphere.
Plants equipped with CCS will copture much of the CO; instead.

CQ-SCREEN a uer-friendly
tool that allows quick and
reliable estimates of prospective
CQ storage sites

CQ-SCREENas been dwnloaded more than 600
times and cited 194 times in peeeviewed
journals.

CQ-Screerestablishes the scale
of carbon capture and storage
activities for governmental policy
and commercial project decisien
making

Alfernotive possible
locations for CO; storoge
CQ-Screen gpports Carbon Storage field tests
A Provides prospective carbon storage resource estimat
subsurface formations
A saline formations
A shale formations
A residual oil zones

© CO; con be injected
and stored deep
underground.

CQ-SCREEN was developedb S ! yAGSR {GFrdSa 5SLINIYSYG 2F 9YySNHEQa bl A2yl 9y SHEHEENSrBrioK y 2
(CarbonSARHIlinois State Geological Survey, Energy & Environmental Research Center, United States Geological Survey

CQ-Screen can be accessed at:
NATIONAL ILLINOIS STATE
N R oGy ‘. USGS é@ EERC ;‘I GEOLOGICAL SURVEY A b 9 ¢ [ QBttps9/Edx.netl.doe.gov/dataset/coscreen = VA

T L Energy & Lnvirommental Research Center® Energy Data eXChange
LABORATORY  science for a changing world Putting Researc into Pracice PRAIRIE RESEARCH INSTITUTE A YOUTUBBttps://www.youtube.com/watch?v=lhakk YOI



https://edx.netl.doe.gov/dataset/co2-screen
https://www.youtube.com/watch?v=lhakk-HYfOI

Next Steps: Update Efficiency with New
Relative Permeablility Data

CO,BRA Database

A An open dataset of unsteady state
relative permeability measurements of
supercritical CO, displacing brine in 12+
rock types. https://edx.netl.doe.gov/hosting/co2bra/

! o
T o

« Pore Scale
« Small Samples
« Dynamic Flooding

‘ -.v\i l{/

L"Q._L 3 o i
Experimental details in: T —
Moore, et al., 2021,
Advance Water Resources

A FRESH LOOKAE
FNAMED CENENT:

« Pore & Core scale

« 1" Diameter plus
Samples

« Highest Pressures

Capabilities at NETL

Four computed tomography scanners with 3D resolution
from microns to millimeters, all with ancillary core flow
capabilities, used for examining real rocks under real
conditions applicable to storage and production.

« Core Scale
- Large Samples
« Dynamic Flooding

11



https://edx.netl.doe.gov/hosting/co2bra/

Homogenous models - Reservoir Modeling

Homogenous models 0 000 00

Width 5,000 m %
Length 5,000 m @ top view
Thickness 50 m e
Domain discretization 35X35%43 S
Number of gnids 52.675 © 50m
Rock properties o
Porosity variable® 3
Permeability (lateral) variable® = top view
.- . . (&)
Permeability anisotropy variable® I i
Relative permeability variable* 2 i
Capillary pressure variable* fIU ‘ Z . 10 km
Reservoir properties = ! ‘d/x so:rcé point
Initial pressure variable® =) ; e
Pressure gradient 10.14 kPa/m g ‘
Imitial temperature variable® § | sideview i
Temperature gradient 002 °C/m ‘ 2
Brine concentration 8 % (’L) TO U G H 3 = E C O M
Pore compressibility 4 3E-10 Patl g . e
Operation properties O - - O p Y
Injection rate variable* (@) D %p Y )
Injection period 30 wears
Perforation bottom source point Sandstone (Strand Plain, Barrier Bar)
*Varies based on modeling cases
81 —— CO2BRA
CO,BRA Database GASIS Database N cats
| [ %,
Lithology Depositional Environment Sample Name Min Por Min Por Min Perm Max Perm 5]
mD mD 0
1 [Sandstone Marginal Marine Bandera Brown A 0.1 0.3 50 350 00 01 02 ave POR 03 04
Ve
2 Strand Plain, Barrier Bar Berea 0.1 0.3 100 700
3 Deltaic Complex Fluvial Castlegate 0.1 0.3 200 1000 —— COZBRA
4 Aeolian Navajo 0.15 0.25 20 800 0002 | casis
5|Limestone Shallow Marine Austin Chalk 0.1 0.3 50 150 g
6 Reef Edwards Yellow 01 025 50 110 oool \
7| Dolomite Reef Silurian 0.1 0.3 100 400 0.000 . : : : :
- o 1000 2000 3000 4000 5000
GASIS: Gas Information System (Hugman et al., 2016) Ave PERM 19
[ Sy &=




Homogenous models - Reservoir Modeling
Coupling CO ,BRA and TOUGHS3 using a lookup table

Berea Sandstone / CO2BRA

RP(4)=1.0 [

RP(2) \ Berea2
RP{4)=0.1

|geted’ Bereal

INFILE
keyword

CEECI saturationsD
IF First Call: NO CO2BRATrel. perm

1 IF First Call: YES

— krW
—— krCO2_Bereal
— — rkCO2_Berea2

Read CO2BRA data for select rock type/depo

Create a look-up table from CO2BRA data

Save the look-up table on disk in binary format

New TOUGH3 interface requires selection of
rock name; residual saturations and maximum
relative permeability for CO, and brine

MPI1/0 broadcast for parallel execution
¥

@Iuate kreo, and D




Homogenous models - Simulation Results

Impact of injection rate, pressure & temperature, porosity &

Storage
Modeling Cases Efficiencles (X) permeability, and permeability anisotropy on CO, plume
Case Permeability | Temperature | Pressure Rate =
No. | Porosity | (mD) (c) | (MPa) | Ku/kh| ftons/day) | E | shape and storage efficiency factors
1 0.1 100 43.3 9.65 0.5 400 23.69 | 43.03
2 0.1 100 43.3 9.65 0.5 800 29.27 | 43.63
3 0.1 100 43.3 9.65 0.1 400 23.80 | 42.97
4 0.1 100 43.3 9.65 0.1 800 29.35 | 43.60 Strand Plain, Barrier Bar Sandstone
5 0.1 100 87.8 27.6 0.5 400 34.20 | 43.89 HighKv/Kh | Low Kv/Kh |
6 0.1 100 87.8 27.6 0.5 800 44.28 | 44.83 ‘ ’—m l iR e
7 0.1 100 87.8 27.6 0.1 400 34,55 | 43.85 I I | '
8 0.1 100 87.8 27.6 0.1 800 4432 | 44.74 L . . - = - -
9 0.3 700 43.3 9.65 0.5 400 11.56 | 41.24 — i z Y d Y a
10 03 200 133 9.65 0.5 800 1624 | 4297 > _ [23.60 43.03 ‘ 120.27 43.63 __[23.80 42.97 29.35 43.60
11 0.3 700 43.3 9.65 0.1 400 12.96 | 40.63
12 0.3 700 43.3 9.65 0.1 800 16.69 | 42.10
13 0.3 700 87.8 27.6 0.5 400 17.40 | 40.73
14 0.3 700 87.8 27.6 0.5 200 2276 | 42.54
15 0.3 700 87.8 27.6 0.1 400 17.52 | 40.45
16 0.3 700 87.8 27.6 0.1 800 2278 | 4247 Ev  Eqg Ev  Eqg Ev  Eg
P 14.60 | 40.68 34.20 43.89 44.28 44.83 34.55 43.85 44.32 4474
Pso 23.24 | 42.76 :
Pao 39.42 | 44.32 ||
Modeling cases used for Strand Plain - _ - 5 & BLE
11.56 41.24 16.24 42.27 3 ; 16.69 42.10
Sandstone : = e x

Ey Eq Ey Eq Ey Eq
— 17.40 40.73 22.76 _42.54 17.52 40.45 22.78 42.47

14




Homogenous models - Simulation Results

Clastics

Limestone

o
=
E
L
o
(]

Marginal Marine
Sandstone

Strand Plain,
Barrier Bar
Sandstone

Deltaic Complex
Fluwial
Sandstone

Aealian
Sandstone

Reef
Limestone

Shallow
Marine
Limestone

Reef
Dolomite

Ev-Plﬂ

SALLLILIBEE
A m E,-Ps,
777 37.4% W E -Pg

PSS LSS LSS LSS ST
i 2.2
41.2%

77777777 1a.5% )
|||||||||IIIIIIIIIIIIIIIIIIIIﬁII|||||||||||||||||| 23.2% Ed P].O
39.45%

M E4-Psgq

Vo A F A F A AR F a0 T%
T CTRET RO 2. B9
44.3% u Ed'Pgo

P P P A 30.4%
i 48.4%

[P PP AP A ] 27 3%
Uiy 22.19%
29.0%

(2l ] 13.1%
M 26, 0%
45 4%

o ] 41 4%
i a4 3%
AT7.I%

Vor A A A A D5 A%
Uit 0.1 -

VLA S LSS LSS LA SSALS LSS S SR
Ut ss.s%
50.5%

o A A 39.8%
et so.1ss

LA 1905
LTI 19.53%
20.4%

o L L ) 26.0%
e 9.2
£3.0%

LTSS LSS LSS LSS LA SA TS TSSO EL
Ui s1.5%
52.7%

Table 5 — Saline formation efficiency factors (%) using homogenous models.

E.aiine (Goodman et al, 2011) E.iine (This study)
Lithology Pio Psg Poo Pio Psp Py
Clastics 74 14.0 24.0 45 10.0 19.1
Limestone 10.0 15.0 21.0 6.8 13.6 242
Dolomite 16.0 21.0 26.0 18.4 25.6 325

val ues

U Refinements to previous storage efficiency factors:
C narrower range for clastics
C wider range for limestone
C higher P10 and P90 for dolomite

U I motsh udd elsgamot kloywe ane shtacddrméei g h

International Journal of Greenhouse Gas Control 119 (2022) 103720

Contents lists available at ScienceDirect

Greenhouse
Gas Control

International Journal of Greenhouse Gas Control

ﬁ journal homepage: www.elsevier.com/locate/ijggc
ELSEVIER

Simulated CO, storage efficiency factors for saline formations of various
lithologies and depositional environments using new experimental relative
permeability data

b
»

Foad Haeri ™", Evgeniy M. Myshakin ™", Sean Sanguinito ”, Johnathan Moore ™
Dustin Crandall®, Charles D. Gorecki “, Angela L. Goodman *
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Heterogeneous models (Vertical)

Lower Mt. Simon Sandstone Shallow Marine

3,320 - 3,507 TVD ng (164 ft) ‘ gy Mt. Simon Shallow Marine Sandstone S
at Duke Energy #1 Well | Lo rate || | righ e | )—m ‘v Lo
i Ev Es Ey Ey Ey Ey Ey Eq
(East Bent Field, Boone County, Kentucky) ' 30.49 3205 . 3269 1326 3035 3090 3243 3165
3320 — . . 3320 B ] — =
[ 'c ~ Arithmeticall = Geometrically x
= O e = M R ¢ i — o
Euoo:. — g i i
§ ol — § it

3460 o -
3480 - . C__é Mt. Simon Shallow Marine Sandstone (averaged)
: ———?:  Hh Kv/kh ’ 1 L Low kv/ih | l
3500 3500 > m 3 8 ’ - m '
0.05 * 0.10 * 0.15 0.20 01 05 1 ; 10 50 100 : m | | m |
Porosity Intrinsic permeability (mD) Ey € Ey Es Ey Eq Ey Eq
3142 37.72 37.55 38.06 45.70 34.92 49.94 35.95
. . - - | B | i At M :
Dynamic variation of plume shape (Mt. Simon) H B
1
| = B E B E B E B E
[*¥) 3493 40.42 37.63 41.19 43.41 3894 47.41 3984




Heterogeneous models (Vertical)

Lower Mt. Simon Sandstone Shallow Marine

Mt. Simon Shallow Marine Sandstone
3,320 - 3,507 TVD bgs (164 ft) I b ko ‘ o o |
at Duke Energy #1 Well | [ towiote || | teh e LN~ T S —
(EaSt Bent Fleld' Boone County' KentUCky) 3:.:9 325.609 325.29 3:.¢26 3;\'35 305:30 325.:3 315.115
3320 - Y Y 3320 E : }
B
!M z 3m [ f" ‘l l
3360 | Arithmetically B s - Geometrically = =
Es EES £, E ELE;
I Averaged Averaged u.\;s 33.94 44.:)7 34.70 zs:;q zs.lq 37:;3 36.45
E 300 - — E 0
foal boof .
3440 : 3440 : 14‘“ ———
3460 [ 3460 —
o | sn | C_é |
3500 - eaed] I i z ; | r 1 [ . ‘ { | ‘
005 g 0.10 v 0.15 0.20 01 05 1 5 10 50 100 " ! m m ‘ m m |
Porosity Intrinsic permeability (mD) £y E £ 3 £ £ £ £,
3142 372.72 37.55 38.06 45.70 34.92 49.94 3595

Dynamic variation of plume shape (Mt. Simon)

I . Ev Eq Ey Eq Ey Eq Ey Ey
e 34.93 40.42 37.63 41.19 43.41 38.94 47.41 39.84
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Lower Mt. Simon Sandstone Shallow Marine

Depth (ft)

Heterogeneous models (Vertical)

at Duke Energy #1 Well
(East Bent Field, Boone County, Kentucky)

3320 — T T 330
0 3340 b
weof = Arithmetically 3380 pmmr Geometrically
» —= Averaged 3 Averaged
3300 - “—— Porosity 3300 | Permeability
3400 - g M0 -
3420 b a8 M b . -
satad 340 T
3460 = 3460 ‘%
3480 3450 '\ I
3500 | 3500 b ‘%
A A A A —l
0.05 010 0.15 0.20 01 05 1 5 10 50 100

Porosity Intrinsic permeability (mD)

Dynamic variation of plume shape (Mt. Simon)

Mt. Simon Shallow Marine Sandstone

| towrate | | | | teh rate | LN — 1 s —

Ey Es Ey Eqy Ey Ey Ey Ey
30.49 32.09 32.69 33.26 30.35 30.90 32.43 31.65

Ey Es Ey Ey Ey Ey Ey Eq
43.35 3394 44.97 34.79 35.89 35.69 37.63 36.45

Mt. Simon Shallow Marine Sandstone (averaged)

e ) ——
Ey Ey Eg Ey Eq Ey Eq
3142 37.72 37.55 38.06 45.70 3492 49.94 35.95

Ey
B CEHRE all
i | Al
| i S

Ey Ey Ey Es Ey Ey Ey Ey
3493 40.42 37.63 41.19 43,41 3894 47.41 3984
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Heterogeneous models (Vertical)

Lower Mt. Simon Sandstone Shallow Marine

3,320 - 3,507 TVD b_gS (164 ft) —— Mt. Simon Shallow Marine Sandstone
at Duke Energy #1 Well B e | & Dy L | I
(EaSt Bent Field’ Boone Countyl KentUCkY) 30 49 32 09 3:29 3;626 3(:\’35 3;?30 325:3 31E':35
o Ew
o ¢ — Arithmetically 5366 Geometrically R &
,m’_ < ; l},\gar:)as%fyd N Psrvrr?(r;;%?lci’ty : 43. 35 n 94 44, 97 3:7& : 35.89 35.69 . 37.63 36.45
ol E 3 = £
ol = = | [IE T
il i i
3460 b JiLE 3460 - = e
a0 |- a0 - C_jl:;__é: ' o Mt. Simon Shallow Marine Sandstone (averaged) e
L e R ;m [ ow e | r b e | | || v} ik e | |
Porvel Intrinsic permeability (mD) £ & R B E B ks

3142 37.72 37.55 38.06 45.70 3492 49.94 35.95

I Ev & E, E LT B__&
3493 40.42 37.63 41.19 43.41 3894 47.41 39.84




Heterogeneous models (Vertical)

Lower Mt. Simon Sandstone Shallow Marine
3,320 - 3,507 TVD bgs (164 ft)
at Duke Energy #1 Well
(East Bent Field, Boone County, Kentucky)

3320 — T T 3320
35380 3340
Arithmetically 3300 o Geometrically

Averaged

-~ Averaged
Permeability

—>— Porosity

3400 - =
3420 - 3420 b -
s
3400 b 440 b ~ ~
= > =
3480 | Yoy R —"—— :
3500 f= 3500 %;
A A
0.05 0.10 0.15 0.20 01 05 1 5 10 50 100
Porosity Intrinsic permeability (mD)

Dynamic variation of plume shape (Mt. Simon)

Mt. Simon Shallow Marine Sandstone

o /¥ |
W

Ey

30.49 32.09

bl

Ey Ey

32,69 33.26

Ey

Eq

43.35 33.94

Ey Ey

44.97 34.79

Ey Eq

35.89 35.69

ey
—— | e
Ey Eqy Ey Ey
30.35_30.90 32.43 31.65

E, Eg
37.63 36.45

Ey Ey Ey Eq
3142 37.72 37.55 38.06

Ey

Eq

34.93 40.42

Ey Es

37.63 41.19

Ey Ey
45.70 34.92

Ey Ey

43.41 3894

Ey Eq
49.94 3595

I

I

Al
(s .ll

Ey Eqy
47.41 39.84
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Heterogeneous models (Full)

Impact of heterogeneity on volumetric and microscopic efficiencies
after 30 years of CO, injection in different depositional environments
0.280 0.210 0.140 0.070

Average Porosity (%)
Average Permeability (mD)
Sandstone: Aeolian
Homogenous model* 15,25 20,800 I .
Vertically heterogenous model 24 328 B _
Fully heterogencus model** 35 200 B -
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Heterogeneous models (Full)

Impact of heterogeneity on volumetric and microscopic efficiencies

after 30 years of CO, injection in different depositional environments
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Heterogeneous models (Full)

Impact of heterogeneity on volumetric and microscopic efficiencies
after 30 years of CO, injection in different depositional environments
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Heterogeneous models (Full)

Impact of heterogeneity on volumetric and microscopic efficiencies
after 30 years of CO, injection in different depositional environments

Average Porosity (%)
Average Permeability (mD)
Sandstone: Aeolian
Homogenous model* 15,25 20,800 E & -
Vertically heterogenous model 24 328 B _
Fully heterogenous model** 25 200 I -
Sandstone: Shallow Marine
Homogenous model® 10,30 50,350 b 1 _
Vertically heterogenous model 12 5 : 1B
Fully heterogenous model* ™ 13 45 £ =xF

Sandstone: Fluvial

HAORONRMICS MOCES” ARG NN . E B LTRSS = -2% i, '
Vetaly beterogenous model 25 85 . _ W B = ‘
Permeability (mD) ¢

Fully heterogenous model** 25 127 = B =
Carbonate: Shallow Marine Dolomite ' ' . T, it % : ot i
Homogenous model* 10,30 100,400 . mi
Vertically heterogenous model 12 1 E 3 T
. e 3

Fully heterogenous model** 18 6

Carbonate: Reef Limestone

Homogenous model* 10,25 50,110 F 3 .

Vertcaly heterogenousmodel 6 1 == Mt. Simon Sandstone

Fully heterogenous model®™ 10 20 —

Shallow Marine
0 10 20 30 40 50 60 70 80 90 100
* Minimum and maximum porosity and permeability Storage Efﬁciency (%)
** Based on one geostatistical realization
Volumetric Displaoement"f) Microscopic Displacemn( _3
24



Heterogeneous models (Full)

Impact of heterogeneity on volumetric and microscopic efficiencies
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Heterogeneous models (Full)

Sandstone: Aeolian
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