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Evaluation of Geologic CO,
Storage Potential at LG&E and
Kentucky Utilities Power Plant
Locations, Central and Western

Kentucky

David C. Harris and John B. Hickman

Executive Summary

As part of a larger carbon-capture feasibility study, the Kentucky Geological Sur-
vey at the University of Kentucky evaluated five Kentucky coal-burning power-gener-
ation stations owned and operated by Louisville Gas and Electric-Kentucky Ultilities, a
subsidiary of PPL Corp. This work was undertaken to determine which generation sta-
tion had the best potential for geologic CO, storage in order to select, design, and seek
funding for an integrated carbon capture and storage demonstration project.

The sites evaluated were E.-W. Brown Station (Mercer County), Ghent Station (Car-
roll County), Green River Station (Muhlenberg County), Mill Creek Station (Jefferson
County), and Trimble County Station (Trimble County). Detailed geologic studies, in-
cluding interpretation of seismic-reflection data, were completed to estimate CO, stor-
age options, feasibility, and capacity. Various subsurface geologic maps and cross sec-
tions were made for each site and are included in the chapters that follow. The Trimble
County and Ghent Stations were evaluated separately, but are discussed together in
chapter 1 because of their close proximity and similar geology. Following the chapters
on the individual locations, a list of site-selection criteria is included for comparison of
the relative merits of these sites. The relative values used for each criteria type are some-
what subjective and are intended to be used as a guide for decision-making. Therefore,
the specific needs of LG&E-KU may make the values of some criteria types a different
priority than what is listed here.

Additional reflection-seismic data from around the Green River Station were pur-
chased by LG&E-KU to improve mapping of faults near the site, which could affect
containment of injected CO,. These new data were interpreted and incorporated into the
Green River evaluation. The rest of the data used for the study consisted of geophysical
well logs, seismic data, and core data from databases maintained by KGS.

Figure E-1 illustrates the calculated storage capacity and the ranking score totals
for each site. The ranking criteria and scores follow the four chapters describing the
geology at each site. All of the sites with the exception of the E.ZW. Brown Station have
potential for CO, to be injected and stored onsite to some degree. The geology at Brown
is not favorable for onsite storage; however, an area 6 to 10 mi east of the site has the
largest sequestration capacity of the five sites examined. Use of this area for CO, injec-
tion would require building a pipeline to transport CO, and securing the rights to use
the subsurface pore space under private property. The potential storage reservoir for



2 Executive Summary

the E.W. Brown Station is the only site that has sufficient geologic structure (“closure”) to
trap injected CO, and limit lateral migration.

The Ghent Station has the second-highest storage capacity of the studied sites, and
injection wells could be drilled onsite using land and pore space owned by LG&E-KU.
This avoids the need to lease rights to pore space from other property owners. The Ghent
Station parcel is among the largest of the five sites, resulting in a large onsite storage vol-
ume. In addition, drilling depths at Ghent are shallower compared to the other sites, which
would reduce drilling costs. The CO, injected at Ghent would probably migrate slowly
updip to the northeast, and possibly under the Ohio River into Switzerland County, Ind.

The storage reservoir formation at Trimble County is the same as at Ghent, but the
formation is deeper, and porosity (and thus storage capacity) is predicted to be lower.
Well data are scarce near the Trimble County Station, making precise predictions of the
geology under the site difficult. Estimated storage capacities are lower than at Brown or
Ghent, and drilling depths would be greater. The CO, injected at Trimble County would
probably also migrate slowly updip to the northeast, but because of the geometry of the
Ohio River, it would remain in Kentucky for at least 14 mi.

The lowest CO, storage capacities estimated were at the Mill Creek and Green River
Stations. Mill Creek Station is near an older hazardous-waste disposal well in Louisville
that found poor injectivity in the deep Mount Simon Sandstone. This suggests limited
porosity and storage capacity within the Mount Simon at Mill Creek Station. The Green
River Station lies above a deep geologic basin where the only suitable injection zone is
in carbonate rocks of the Knox Group. Although good injectivity was demonstrated in
the Knox in a KGS research well in Hancock County, the limited deep-well data from
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Figure E-1. Calculated CO, storage capacities and site ranking scores for the sites evaluated in this study. Capacities are metric
tons of CO, for 100 acres. Storage efficiency factors of 14 percent (sandstone) and 21 percent (carbonate) of total pore volume
were used. See p. 101-103 for site ranking score criteria.



Executive Summary

Muhlenberg County indicate lower porosity values for this unit. Seismic data around
Green River show that faulting (and possible leakage pathways) does not appear to be
present near the site.

Calculated CO, storage volumes at all sites were scaled by published efficiency fac-
tors, which reduce total storage capacity because of various displacement factors that
limit the pore space actually occupied by CO,. Efficiency factors used range from 14 to
21 percent of the total pore space within the reservoirs.

Public perception regarding a carbon capture and storage project at each of the five
sites was not scientifically evaluated as part of this project. The authors” personal opin-
ions on possible public acceptance or resistance to a carbon capture and storage project
were included in the ranking criteria. This was based primarily on the plant location and
current land use in the area. We felt a demonstration project would be most acceptable in
Muhlenberg County (Green River Station) because of the rural plant location, number of
local coal-mining jobs, and long history of mining in the area. Ghent and Trimble County
Stations are located in more developed, noncoal-producing areas, and have residential
areas within a mile of the plant sites. This could lead to public opposition to a carbon
capture and storage project because of the proximity of homes to the sequestration site.
Mill Creek Station is located in an even more developed area, where concern about nearby
homes could be a problem. E.W. Brown's off-site sequestration area is a primarily rural
area, and site selection could focus on areas away from residences to avoid potential op-
position.

In summary, the E'W. Brown Station has the highest CO, storage capacity, and a
known trap in which to contain migration of the CO,. However, the sequestration area
is not located onsite, and will require a pipeline and access to privately held pore space.

The Ghent Station has a lower storage capacity, but should be more than adequate
for a demonstration project located onsite. It has the shallowest depth of the five sites
evaluated, which will significantly reduce drilling costs. Ghent appears to have the low-
est geologic storage cost of any of the sites evaluated. Although deeper than Ghent and
having lower porosity, the Trimble County Station should also have adequate storage
volumes onsite for a demonstration project.






LG&E-KU CO, Sequestration Geologic Summary Sheet

Chapter 1: Geologic CO, Sequestration Potential of the LG&E-KU
Trimble County and Ghent Stations, Northern Kentucky

LG&E-KU CO, Sequestration Geologic Summary Sheet

Power Plant: Ghent

Data Quality:

Distance to nearest well control in reservoir:

Wells to primary injection zone within 15-mi radius:
Distance to nearest core in injection zone:

Distance to nearest good-quality seismic control:

Reservoirs:

Primary injection zone:
Rock type:
Drilling depth at plant site:
Trapping mechanism:
Maximum reservoir pressure:
Reservoir temperature:
Salinity of reservoir fluid:
Reservoir thickness (gross/net):
Average porosity:
Average permeability:

Secondary injection zone:

Confinement and Integrity:
Primary confining zone:
Rock type:
Thickness of primary confining zone:
Height above primary injection zone:
Well penetrations of primary seal within
15-mi radius:
Secondary confining zone:
Rock type:
Thickness of secondary confining zone:
Height above primary injection zone:
Well penetrations of secondary seal within
15-mi radius:
Number of faults cutting primary seal within
15-mi radius:
Distance to nearest mapped fault:

Storage Capacity:
Calculated CO, storage capacity, primary injection
zone:

County: Carroll

Geologic Basin: Cincinnati Arch

4.7 mi
3

14.7 mi
14.5 mi

Cambrian Mount Simon Sandstone
sandstone (quartzarenite)

3,423 ft

regional dip (capillary and solution trapping)
1,635 psi (hydrostatic)

100°F

200,000 ppm (estimated)

301/160 ft

12 percent

200 md

none at this site

Cambrian Eau Claire Shale
shale and dolomite

560 ft
0 (overlies injection zone)

4

Ordovician Black River Limestone (High Bridge)
limestone

500 ft

2,600 ft

16

0
15.6 mi

1,688,924 metric tons/100 acres (assuming
100 percent total pore volume); 236,449 metric
tons/100 acres (at 14 percent total pore volume)

Data compiled and interpreted from well records maintained by the Kentucky Geological Survey.



6 Chapter 1: Trimble County and Ghent Stations

LG&E-KU CO, Sequestration Geologic Summary Sheet

Power Plant: Trimble County

Data Quality:
Distance to nearest well control in injection zone:

Wells to primary injection zone within 15-mi radius:

Distance to nearest core from injection zone:
Distance to nearest good-quality seismic control:

Reservoirs:

Primary injection zone:
Rock type:
Drilling depth at plant site:
Trapping mechanism:
Maximum reservoir pressure:
Reservoir temperature:
Salinity of reservoir fluid:
Reservoir thickness (gross/net):
Average porosity:
Average permeability:

Secondary injection zone:

Confinement and Integrity:

Primary confining zone:
Rock type:
Thickness of primary confining zone:
Height above primary injection zone:
Number of well penetrations of primary

seal within 15-mi radius:
Secondary confining zone:

Rock type:
Thickness of secondary confining zone:
Height above primary injection zone:

Number of well penetrations of secondary

seal within 15-mi radius:
Number of faults cutting primary confining zone
within 15-mi radius:
Distance to nearest mapped fault:

Storage Capacity:

Calculated CO, storage capacity, primary injection

zone:

County: Trimble

Geologic Basin: Cincinnati Arch

26.6 mi
0

34.3 mi
35 mi

Cambrian Mount Simon Sandstone
sandstone (quartzarenite)

3,900 ft

regional dip (capillary and dissolution trapping)
1,888 psi (hydrostatic)

110°F

200,000 ppm (estimated)

366/121 ft

10 percent

150 md

none at this site

Cambrian Eau Claire Shale
shale and dolomite

560 ft

0 (overlies injection zone)

0

Ordovician Black River Limestone (High Bridge
Group)

limestone

500 ft

2,800 ft

5

1
13.2 mi

1,035,206 metric tons/100 acres (assuming 100
percent total pore volume); 144,929 metric
tons/100 acres (at 14 percent total pore
volume)

Data compiled and interpreted from well records maintained by the Kentucky Geological Survey.
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Introduction

Geologic CO, sequestration potential was
evaluated for an area surrounding the LG&E-KU
Trimble County and Ghent Stations in Trimble and
Carroll Counties, Ky. These plants are approxi-
mately 23 mi apart, and because of their proximity
and similar geology, they have been evaluated to-
gether. Circular areas with a 15-mi radius around
each plant were defined as the primary focus of
the evaluation, but data from beyond 15 mi were
also used because of limited data from the primary
areas. The 15-mi-radius circles around the Trimble
County and Ghent Stations overlap, as seen in Fig-
ure 1-1, supporting their combined evaluation.

The following data were compiled for the
evaluation:

1. The 7.5-minute topographic and geo-
logic quadrangle maps for the Bethle-
hem (Trimble County) and Vevay South
(Ghent) quadrangles
Locations of all petroleum-exploration
and waste-disposal wells penetrating the
Cambrian-Ordovician Knox Group or
deeper formations (Kentucky and Indiana
Geological Surveys)

Formation tops for geologic units from the
top of the Ordovician to the Precambrian

Kentucky Geological Survey Ripey
LG&E-KU CO2 Sequestration Assessment i Ford No. 1 Conner
Trimble County and Ghent Stations
4,089
Well and Cross Section Index Map
POSTED WELL DATA . 3,215 ] )
Jennlngs {?Contlnental Oil No. 1 Snow
@ Well Name Ohio
Total Depth Boone Kent
ento
WELL SYMBOLS
Dry Hole Battelle No. 1 Duke Energy
& Injection Well . 9
Y Power Plant 3,712
REMARKS Jefferson Ashland No. 1 Collins
Red circles indicate 15 mile radius area of review
Only wells ZE’ggwfrﬁrgiépershown 4000
g ecd e o ™ Switzerlancgashiand No. 1 sullivan
4,151
0 3 6 9 12 )
VLS : Gallatin
LG&E-K! ent Station
Scott
rroll
Grant
LG&E-KU Trimble County Station
Ford
Tennessee Corp (Cities) No. BT3 O’Donovan N(;r. 1
2,900~ 3,557
Owen
R\.\
b\\ 91, \
Clark \
Oldham \\
\ \ / \
Floyd \\ Scott
DuPont No. 3 MAD DuPont /
2,762 .
4,502/ ~ Franklin
DuPont No. 1 WAD DuPont \\7\
6,011 -
DuPont No. 2WAD DuPont Jefferson Shelby N %\
\

Figure 1-1. Locations of Trimble County and Ghent Stations in northern Kentucky. Heavy gray line is the Ohio River, separating
Indiana from Kentucky. Bold red circles are 15-mi radii around each station. Wells deeper than 2,500 ft are shown. Blue line is
the location of the southwest-northeast cross section shown in Figure 1-12. Surface fault traces indicated by thin red lines.
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(Kentucky and Indiana Geological Sur-
veys)

4. Available digital geophysical logs for
Knox and deeper wells (Kentucky and In-
diana Geological Surveys)

5. Core analyses (porosity and permeabil-
ity) for Mount Simon Sandstone and Eau
Claire Formation

6. Reflection-seismic data (two lines in
Boone County, Ky., at the Duke East Bend
Station)

Within the 15-mi radius around the Ghent
Station, three wells have been drilled that pene-
trate the entire Paleozoic sequence, ending in Pre-
cambrian rocks. These wells provide the key geo-
logic data used in this assessment. Two wells were
drilled in Switzerland County, Ind., by Ashland
Oil, and well logs from these wells were used. In
2009, a CO, injection test well was drilled by Bat-
telle Memorial Institute at the Duke Energy East
Bend Station in Boone County, Ky., as part of the
U.S. DOE-funded Midwest Regional Carbon Se-
questration Partnership (www.mrcsp.org). This
well was drilled to test the Cambrian Mount Si-
mon Sandstone, the same reservoir zone that un-
derlies Ghent and Trimble County. Data from this
well were used for this evaluation, including core
analyses, formation image logs, and injection data.
All of these wells penetrated the primary injection
zone and overlying seal.

The 15-mi area around the Trimble County
Station lacks any wells below 2,500 ft, the depth
required for supercritical-phase CO, storage. The
deepest well in the area went to 2,496 ft (Oldham
County), ending in the Knox Supergroup. No other
wells were drilled deeper than 2,500 ft to the south-
west of Trimble County until the DuPont waste-
disposal wells were drilled in Louisville (Jefferson
County). DuPont drilled three deep wells at their
Louisville neoprene plant for hazardous-waste dis-
posal. Data from the DuPont wells have been in-
cluded in the Trimble County/Ghent evaluation.

Geologic Setting and
Surface Geology

Trimble and Carroll Counties lie on the west
flank of the Cincinnati Arch, a broad anticline that
separates the deep Illinois Basin in western Ken-

tucky from the Appalachian Basin in eastern Ken-
tucky. The arch developed in Middle Ordovician
time, and rock units deposited prior to this time
have been tilted to the west toward the Illinois Ba-
sin. Rocks deposited from the Middle Ordovician
and later were influenced to some extent by the
growing arch, but for the interval of interest in this
study, the arch had no effect on thickness or lithol-
ogy.

The Ghent Station is located in the Vevay
South 7.5-minute quadrangle, and the quadran-
gle’s geology was mapped by Swadley (1973). The
Trimble County Station is located in the Bethlehem
7.5-minute quadrangle, and the quadrangle’s geol-
ogy was mapped by Swadley (1977).

The Ghent and Trimble County power plants
are located on unconsolidated sediments deposit-
ed along the Ohio River (Figs. 1-2a, b). These sedi-
ments are Quaternary (Pleistocene) in age, and in-
terpreted as glacial outwash deposits. Ordovician
bedrock is exposed in the hills and bluffs to the east
of each station. Rocks near the Ghent Station in Car-
roll County consist of Ordovician shales and lime-
stones assigned to the Kope, Fairview, Grant Lake,
and Bull Fork Formations as mapped by the USGS
(Fig. 1-2a). For the Trimble County Station, slightly
younger Ordovician rocks are exposed, including
the Drakes Formation and Lower and Middle Silu-
rian Osgood Formation, Brassfield Formation, and
Laurel Dolomite on hilltops (Fig. 1-2b).

Surface geology does not have a direct im-
pact on carbon sequestration potential, since CO,
injection will occur much deeper. However, the
abundance of low-permeability shales in the near-
surface Upper Ordovician rocks would serve as
secondary confining layers in the unlikely event
CO, were to migrate through the deeper primary
seals.

The surface geology will affect the design and
implementation of shallow groundwater-moni-
toring wells that may be required by the U.S. EPA
for an underground injection permit. The pres-
ence of unconsolidated glacial outwash along the
Ohio River at both sites allows relatively inexpen-
sive construction of monitoring wells. The EPA
UIC permit will likely require monitoring down
to the base of the underground source of drinking
water, which may require drilling into bedrock.
However, the Upper Ordovician interval below
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the unconsolidated sediments may not be suitable
for groundwater monitoring because of low poros-
ity and permeability. Both geologic maps (Swad-
ley, 1973, 1977) cite very hard groundwater with
some salt occurrence, and the lack of groundwater
in wells drilled on ridges and hillsides. Monitoring
wells would likely be confined to the Ohio River
alluvium and glacial deposits, larger creek valleys,
and the Kentucky River Valley.

Stratigraphy and Structure

Geologic storage of carbon dioxide is confined
to depths greater than 2,500 ft below the surface so
that CO, exists in the supercritical, or dense, phase.
Supercritical CO, has properties of both a liquid
and a gas, but much higher density than gaseous
CQO,. In the Trimble and Carroll County area, this
2,500-ft depth falls within the Cambrian-Ordovi-
cian Knox Supergroup. Geologic formations be-
low 2,500 ft in this area include the basal part of
the Knox, the Upper/Middle Cambrian Eau Claire
Formation and Middle Cambrian Mount Simon
Sandstone, and Precambrian Middle Run Forma-
tion (Fig. 1-3). These formations are briefly de-
scribed below, from oldest to youngest.

Precambrian Middle Run Formation

The Middle Run has been penetrated in five
wells in northern Kentucky and adjacent Indiana.
The Precambrian basement in the study area con-
sists of sedimentary rocks assigned to the Middle
Run Formation, in contrast to the igneous and met-
amorphic rocks typically encountered in the base-
ment in other parts of Kentucky. The Middle Run
consists of fine-grained, red lithic sandstones, and
minor siltstone and shale. It was deposited in non-
marine fluvial environments in a fault-bounded rift
basin (Drahovzal and others, 1994). The top of the
Middle Run is an erosional unconformity, formed
during a long period of exposure and nondeposi-
tion between the Precambrian and Paleozoic Eras.
The sandstone is well cemented and lacks porosity
and permeability in all of these wells. It has no po-
tential for carbon sequestration in the study area,
but forms the lower confining layer for the overly-
ing Mount Simon Sandstone.

The Precambrian unconformity surface dips
to the west in the study area, consistent with the
trend of the Cincinnati Arch (Fig. 1-4). This struc-

ture map is based on the few wells that penetrate
the Precambrian surface in the area. As such, it
should be considered a general representation of
the structure of the area. This map indicates that
the depth to basement is about 4,361 ft (-3,888 ft
subsea) at the Trimble County Station, and 3,777 ft
(-3,289 ft subsea) at the Ghent Station. This would
be the maximum depth required for an injection
well, with Ghent lying about 600 ft updip (shallow-
er) from Trimble County at the Precambrian level.

Cambrian Mount Simon Sandstone

The Cambrian Mount Simon Sandstone un-
conformably overlies the Precambrian Middle Run
Formation in most of the study area. Farther to the
southwest in Louisville, the Mount Simon over-
lies Precambrian igneous rocks. The Mount Simon
Sandstone is predominantly quartz-rich, and be-
cause of its depth and porosity, is the primary CO,
injection zone in the study area. The Mount Simon
has been encountered in five wells in the study
area. Cores from the Mount Simon Sandstone are
available from two of these wells: the Battelle Duke
Energy well and the DuPont waste-injection well
in Louisville. Porosity and permeability data mea-
sured in these cores are described further in the
Reservoir Quality section.

Using available well data for the area, struc-
ture and thickness maps for the Mount Simon
were constructed. Other studies have used data
from seismic lines outside this study area to map
the extent of the Mount Simon Sandstone across
Kentucky. The broader regional data show the
Mount Simon thickens to the north and northwest,
and pinches out toward the south (Fig. 1-5) (Greb
and Solis, 2010). The zero thickness line from the
map by Greb and Solis (2010) has been used in the
Trimble/Ghent maps made for this study. The zero
thickness line runs across the southeastern corner
of the map area, and has been used to constrain
the structure and thickness maps for this study.
This zero thickness line has been interpreted from
limited data, and should be considered approxi-
mate. The Mount Simon is known to be absent in
several wells in central Kentucky, but the mapped
pinchout should be considered a preliminary limit
that may be revised with new data.

The top of the Mount Simon is at 3,233 ft in
the Battelle No. 1 Duke Energy well, and deepens
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Figure 1-3. Geophysical log for the Battelle No. 1 Duke Energy well at the East Bend Station in Boone County, Ky. Stratigraphic
units are labeled. Cored intervals are marked on the right edge of the depth column, and the CO, injection zone is marked on the
left side of the depth column in the Mount Simon Sandstone. The density-porosity log is shaded blue in the Mount Simon interval
where porosity is greater than 7 percent, the minimum porosity considered in CO, capacity calculations.
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Figure 1-4. Structure on top of the Precambrian basement surface (feet below MSL). In the study area this is the top of the Middle
Run Sandstone or igneous rocks. The Precambrian surface deepens to the west-southwest. Blue lines are faults mapped at the

surface, which may extend to the Precambrian level.

to the southwest to 5,098 ft in the DuPont well in
Louisville (Fig. 1-6). The Mount Simon Sandstone
ranges in thickness from 297 to 748 ft across the
same area (Fig. 1-7). The Mount Simon may have
suitable porosity and permeability at both stations
to allow injection and storage of CO,. One thou-
sand tons of CO, were successfully injected in the
Duke Energy well in 2009.

The Trimble County and Ghent sites lie in-
termediate in depth between the DuPont waste-
disposal well to the southwest and the Duke En-
ergy East Bend well to the northeast. Interpolating
depth and thickness data from wells, depth to the
top of the Mount Simon is estimated to be 3,898 ft
(-3,425 ft subsea) at Trimble and 3,423 ft (-2,935 ft
subsea) at Ghent (Fig. 1-6). The inferred pinchout
line for the Mount Simon was used to clip the
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Figure 1-5. Thickness of the Mount Simon Sandstone in Kentucky. Interpretation based on seismic and well data. Contours in

feet. From Greb and Solis (2010).

structure contours at the zero edge. The isopach
(thickness) map (Fig. 1-7) shows thinning of the
Mount Simon Sandstone toward the southeast. Its
thickness is estimated to be 366 ft at Trimble and
301 ft at Ghent. The isopach map was interpreted
from the nearby well data, and the zero thickness
line drawn on the regional map. The greater pro-
jected thickness at the Trimble Station is because of
its closer proximity to the DuPont waste-disposal
well in Louisville, where the Mount Simon is 748 ft
thick.

Cambrian Eau Claire Formation

The Eau Claire Formation directly overlies
the Mount Simon Sandstone and is predominantly
composed of green and gray marine shale, with
some interbedded dolomite. In the Duke Energy
East Bend well, the Eau Claire Formation is 549 ft
thick and was cored from 2,825 to 2,855 ft. The Eau
Claire Formation was also cored in the DuPont
No. 1T WAD well in Louisville, from 4,409 to 4,459
and 4,842 to 4,871 ft. The Eau Claire has very low
porosity and permeability and is the primary con-
fining layer (seal) for CO, injected into the Mount
Simon below (Fig. 1-8).

Figure 1-9 is a structure map on the top of the
Eau Claire. The Eau Claire deepens to the south-

west into the deeper parts of the Illinois Basin. The
top is projected to be at 2,870 ft (-2,382 ft subsea)
at Ghent and 3,423 ft (-2,950 ft subsea) at Trimble
County. The top of this confining layer is deeper
than the minimum depth for supercritical CO, at
both sites.

Cambrian-Ordovician Knox Supergroup

The Knox Supergroup is divided into an up-
per dolomite unit, the Beekmantown Dolomite,
and the lower Copper Ridge Dolomite, separated
by sandstone or a quartzose dolomite unit (Rose
Run Sandstone) that is poorly developed in this
area. The top of the Knox is a regional erosional
unconformity that formed when the Knox was
uplifted above sea level during the Early Ordovi-
cian. The Knox is approximately 2,000 ft thick in
the study area. The Knox contains scattered porous
and permeable intervals separated by imperme-
able dolomite. It has injection potential in deeper
parts of Kentucky (such as the KGS No. 1 Marvin
Blan research well in Hancock County) and was
used as a hazardous-waste injection zone at the
DuPont chemical plant in Louisville. Porous zones
in the Knox have also been used for natural-gas
storage by LG&E near the study area, in Grant and
Oldham Counties (Ballardsville and Eagle Creek



Stratigraphy and Structure 15

Kentucky Geological Survey

LG&E-KU CO2 Sequestration Assessment

Trimble County and Ghent Stations
Top of Mt. Simon Sandstone Structure Map

Sea Level Datum

POSTED WELL DATA
@ Well Name
)
ELL SYMBOLS o
Dry Hole OO

{d Injection Well

* Power Plant
Jefferson

REMARKS
Wells penetrating top of Mt. Simon
‘Sandstone. Unit pinches out to SE.

Ripley

*LG&E-KU Trimble County 3%g

_ ~N
- /Shelby @

Ohio

Grar

-

PETRA 2/18/2011 4:31:56 PM

Figure 1-6. Structure on top of the Cambrian Mount Simon Sandstone. Contour interval is 250 ft. The dashed line in the south-
eastern part of the map is the inferred pinchout of the Mount Simon to the south (Greb and Solis, 2010).

storage fields). These storage fields are now aban-
doned, and the porous zones used in these fields
are too shallow for CO, storage.

In the study area, much of the Knox lies above
the 2,500-ft depth limit for CO, to be in a super-
critical phase. The lower part of the Knox (below
2,500-ft depth) is also not a viable injection target,
since the primary seal (containment zone) above
the top of the Knox is well above the 2,500-ft depth
required to keep CO, in a supercritical phase.

The Knox is the shallowest interval mapped
in this evaluation. Figure 1-10 is a structure map
on the top of the Knox. Many more wells have been
drilled to the top of the Knox than to the deeper
horizons, and thus more data are available for the
Knox structure map. The Knox dips to the west,
with the projected top of the Knox at about 1,077 ft
(-604 ft subsea) at Trimble County and 849 ft
(=361 ft subsea) at Ghent.
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Figure 1-7. Thickness of the Cambrian Mount Simon Sandstone.

east and thickens to the west into the lllinois Basin. The Mount

Contour interval is 100 ft. The Mount Simon thins to the south-
Simon is interpreted to pinch out at the zero contour line. This

interpretation is based on data from several older seismic lines, and should be regarded as an approximate location.

The Knox isopach map (Fig. 1-11) shows that
the unit thins by more than 1,000 ft from south-
west to northeast across the study area. This thin-
ning is primarily caused by erosional truncation
at the top of the Knox during exposure after Knox
deposition. This thinning is also illustrated on the
regional cross section, Figure 1-12. The Knox is in-
terpreted to be 2,300 ft thick at Trimble County and
2,034 ft thick at Ghent.

Ordovician Dutchtown Formation
and Joachim Dolomite

The Dutchtown Formation and Joachim Do-
lomite are dolomite intervals that contain variable
amounts of shale and overlie the Knox unconfor-
mity. They are equivalent to the Wells Creek Dolo-
mite in Ohio, and are partly gradational with the St.
Peter Sandstone. They generally have low porosity
and permeability. They would provide additional
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Figure 1-8. Thickness of the Eau Claire Formation. Shale and minor dolomite in this formation are more than 550 ft thick at both
sites, providing an excellent seal for CO, injected into the underlying Mount Simon Sandstone.

confinement for CO, injected in deeper zones. The
formations were not mapped in detail.

Ordovician Black River Group
and Trenton Limestone

The Trenton Limestone and Black River
Group together form a shallow secondary confin-
ing zone (seal) for CO, injected into the deeper
Mount Simon Sandstone. These rocks are com-

posed of limestone, minor dolomite, and inter-
bedded shale. The interval typically has very low
porosity and permeability unless fractured. In the
Battelle No. 1 Duke Energy well, these formations
have a combined thickness of 550 ft, with the top
of the Trenton Limestone at 145 ft and the top of
the Black River at 313 ft (depths below surface). On
surface geologic maps for the area, the Trenton is
named the Lexington Limestone (Swadley, 1973).
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Figure 1-9. Structure on top of the Cambrian Eau Claire Formation. Contour interval is 250 ft. The structure dips to the southwest.

Near-Surface Formations

Formations at and near the surface in the
study area include several Upper Ordovician units
above the Trenton. Around Ghent, these include
the Point Pleasant (Calloway Creek), Kope, Fair-
view Formation, Grant Lake Limestone, and Bull
Fork Formation. Near the Trimble site, in addition
to these formations, younger rocks are present, in-
cluding the Late Ordovician Drakes and Early and
Middle Silurian Osgood and Brassfield Forma-

tions and Laurel Dolomite. Because of their shal-
low depth, these units were not mapped in detail,
but most of them will provide additional confining
zones.

Deep Faults and Available
Seismic Data

The only seismic data for the area are two
short lines acquired at the Duke Energy East Bend
Station prior to drilling of the CO, injection well
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Figure 1-10. Structure on the top of the Knox Supergroup. Contour interval is 100 ft. The top of the Knox is a regional erosional

surface, and the structure dips more westerly than in underlying formations. The upper part of the Knox is too shallow for carbon

in 2009. These lines show no faults near the East
Bend site. Faults have been mapped at the surface
near the study area, and are shown in blue on Fig-
ures 1-1 and 1-4. Only two of these faults are lo-
cated within 15 mi of a plant site. The Ballardsville
Fault crosses the southern edge of the 15-mi radius
around the Trimble County site. This fault is in
Oldham County and forms the trap and southeast-
ern boundary of the former Ballardsville gas stor-

age field, operated by LG&E. This natural-gas field
was discovered in 1931 and later converted to gas
storage in 1964 (Luft, 1977). Gas was stored in po-
rous dolomite in the Knox Supergroup at depths
around 1,250 ft. The fact that the Ballardsville Fault
forms the southeastern boundary of the gas storage
field indicates it is a seal, at least at shallow depths.
Kepferle (1977) reported gas bubbles rising out of a
stream bed about a mile southeast of the fault, but
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because of the distance, this seems to be unrelated
to the fault or gas storage field.

There is also a northwest-southeast trend of
faults that occur to the southeast of the plant sites.
These faults define a graben, or downdropped fault
block, in Franklin County in the Switzer quadran-
gle, and this has been named the Switzer Graben.
The faults continue to the northwest into Owen
and Henry Counties, but are more discontinu-
ous. As mapped at the surface, one fault extends

0.2 mi across the southeastern edge of the 15-mi
radius around the Trimble County site. The fault
trend could extend farther to the northwest in the
subsurface, but there are no seismic or well data to
suggest this.

Reservoir Quality and
Injection Zone Thickness

In order to calculate carbon sequestration ca-
pacity, the average porosity and thickness of the
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storage zone are required. Since there are no wells
drilled to the Mount Simon Sandstone at the Ghent
and Trimble County plant sites, exact porosity data
are not available. As such, reasonable estimates for
porosity and net injection zone thickness were cal-
culated from nearby well control. Data from the
Duke Energy East Bend CO, injection test well
were especially helpful, since high-quality well
logs and core data are available from this well
drilled in 2009.

Regional Porosity Trends

As in many sandstones, porosity in the Mount
Simon Sandstone decreases with increasing burial
depth. This is primarily because of cementation
and compaction, and is a result of increased tem-
perature, pressure, and the amount of time the
rocks have been buried. A substantial set of Mount
Simon porosity and permeability data from across
the Midwest has been published by Medina and
others (2011). Cross-plots of porosity versus depth
in this paper establish a general correlation be-
tween porosity and depth. We found a dramatic
decrease in porosity at depths below 7,000 ft. This
depth generally corresponds to a porosity value of
7 percent, although the data vary significantly.

Porosity varies significantly in the Mount Si-
mon within the current study area, and correlates
with burial depth (Fig. 1-13). The DuPont No. 1
WAD well in Louisville was drilled to more than
6,000 ft to test the Mount Simon for hazardous-
waste injection. Initial injection tests in the Mount
Simon determined it lacked sufficient porosity and
permeability for commercial waste disposal. An al-
ternate zone in the shallower Knox Dolomite was
eventually used as the injection zone. The average
depth of the Mount Simon in the DuPont well is
5,600 ft, and the average log-derived sandstone po-
rosity is 6.5 percent. The regional depth/porosity
correlation proposed by Medina and others (2011)
suggests that the Mount Simon has about 8.4 per-
cent porosity at 5,600 ft. This means that the Du-
Pont well has lower porosity than predicted for its
depth. The reason for this is not known, but the
DuPont well provides a deep control point that
must be considered for prediction of porosity at the
Trimble County and Ghent sites.

Northeast of Trimble County and Ghent are
three wells in which the Mount Simon is much

shallower than in Louisville. In the two Ashland
Oil wells in Switzerland County, Ind., and the
Duke Energy East Bend well in Boone County,
Ky., the Mount Simon occurs at depths of 3,400 to
3,900 ft. In these three wells the average log-de-
rived sandstone porosity is 13 percent, double that
at Louisville. The Ghent and Trimble County sites
lie intermediate between the poor porosity at Lou-
isville and the much higher porosity in Boone and
Switzerland Counties (Fig. 1-13). The methodology
for estimating porosity and reservoir thickness at
the two sites is discussed below.

Site-Specific Porosity Estimates

Both well-log and core porosity data were
used to estimate porosity at Ghent and Trimble
County. Core measurements are the most accurate
method of determining porosity and permeability.
Core-derived porosity and permeability data for
the Mount Simon are available from cores at the
Duke Energy East Bend well and the DuPont No. 1
WAD well in Louisville.

Core data are not available for all wells, and
cores typically are cut for a limited interval within
the Mount Simon. Thus, the best zones are not al-
ways cored. Porosity (but not permeability) data
are also derived from downhole well logs, espe-
cially the bulk-density log. Logs provide a continu-
ous data set for the entire formation, but are not
as accurate as core data. A total of four wells with
density logs were used to estimate sandstone po-
rosity at the plant sites (the DuPont and Duke En-
ergy wells, and the two Ashland Oil wells in Swit-
zerland County, Ind.).

Core data from the Duke Energy East Bend
and the DuPont No. 1 WAD well (Louisville) are
presented in Figures 1-14 and 1-15. The porosity
and permeability versus depth plots (Figs. 1-14a, b)
also include data from the overlying Eau Claire
Formation core from East Bend. The Mount Simon
core data help to illustrate the range of porosity
and permeability in the area. There is consider-
able variation in porosity and permeability within
the limited depth range of the cores. Despite this,
the DuPont core data show overall lower porosity
and permeability than the cores at East Bend. As
discussed previously, this is related to the greater
burial depth.
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Porosity vs. Depth
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Figure 1-14a. Core porosity versus depth below surface for Mount Simon Sandstone (reservoir) and Eau Claire Formation (seal)
core from the Duke East Bend and DuPont No. 1 WAD wells. Mount Simon porosity in the DuPont cores is significantly lower
because of deeper burial depth. Average porosity for East Bend sidewall cores is 11.9 percent; for East Bend whole core plugs,
10.4 percent; and for the DuPont core plugs, 4.3 percent.
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Figure 1-14b. Core permeability versus depth below surface for Mount Simon Sandstone and Eau Claire Formation. Perme-
ability is quite variable, but is lower in the DuPont cores and in the Eau Claire shales. Average permeability for the East Bend
sidewall cores is 246 md; for East Bend whole core plugs, 143.4 md; and for the DuPont core plugs, 6.1 md.
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Figure 1-15. Mount Simon Sandstone core porosity versus permeability plot for the Duke East Bend and DuPont No. 1 WAD
wells. In general, permeability decreases rapidly below 7 percent porosity, and this trend was the basis for the 7 percent porosity

cutoff used to calculate net reservoir thickness.

Plotting porosity versus permeability illus-
trates the positive correlation between the two
measurements (Fig. 1-15). This plot allows a mini-
mum porosity to be interpreted for sandstone with
acceptable permeability for injection. Because po-
rosity can be measured with downhole logs and
permeability cannot, this cutoff allows the thick-
ness of rock with suitable porosity and permeabil-
ity for injection to be summed from porosity-log
data alone.

Based on the core data in Figure 1-15, a mini-
mum porosity of 7 percent was chosen as the po-
rosity cutoff in this area. The 7 percent porosity
line separates the majority of the East Bend data

(permeability greater than 10 md) from the DuPont
core data, where injection was not successful. Me-
dina and others (2011) also used a 7 percent poros-
ity cutoff for the Mount Simon across the Midwest
in their calculation of CO, sequestration capacities.
Their cutoff, based on a much larger data set, is
supported by the core data used in this study.

Calculation of Net Porous Sandstone
Once a porosity cutoff was chosen, the foot-
age of net porous sandstone and average porosity
of sandstones above the cutoff was determined
for use in CO, capacity calculations. Because the
Mount Simon Sandstone contains thin shales and
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some argillaceous sandstones with poor reservoir
quality, only clean sandstone was included in the
net sandstone calculation. The gamma-ray log is
the best discriminator of clay and shale, and a cut-
off of 80 API gamma-ray units was used to iden-
tify clean sandstone. Intervals with 80 or less API
gamma-ray units were classified as sandstone. This
80 API unit cutoff is very close to the 75 API cutoff
used by Medina and others (2011) in their Mount
Simon study.

A log analysis program (Petra) was used to
calculate the number of feet of Mount Simon in
each well with a gamma-ray reading of less than
80 APl units, and density porosity (calculated using
a sandstone matrix) greater than or equal to 7 per-
cent. The results of the net sandstone calculation are
shown in Table 1-1. Average log porosity and total
porosity-feet (thickness of void space) were also
calculated. Gross thickness is the total Mount Si-
mon thickness. A net-to-gross sandstone ratio was
calculated for each well to allow a similar thickness
to be calculated at the Trimble County and Ghent
sites using the total mapped thickness. The net-to-
gross ratio ranges from 0.57 at East Bend to 0.15 in
the Louisville DuPont well, reflecting the decrease
in porous sandstones with increasing depth. Aver-
age log-derived porosity of the net sandstone inter-
val ranges from 14.4 percent in the Ashland Collins
well to 8.7 percent in the DuPont well.

Table 1-1 also includes calculated data for
the Ghent and Trimble County sites. The gross
thickness was taken from the thickness map of the
Mount Simon at each location (Fig. 1-7). Then a net

sandstone footage was calculated using the net-to-
gross ratios determined from the four analog wells.
For the Ghent site, a ratio of 0.53 was used, because
the site is very close to the Ashland Sullivan well.
This yields a net sandstone estimate for Ghent of
160 ft. The Ghent site is slightly deeper than the
Sullivan well (see cross section, Figure 1-12), so a
slightly lower average porosity of 12 percent was
assigned. This is essentially the same average po-
rosity as at the Duke East Bend well.

Estimates for the Trimble County site are more
difficult because there are no wells to the Mount
Simon within a 15-mi radius of the plant. Trimble
County is intermediate in depth between the Du-
Pont well in Louisville (34 mi southwest) and the
three shallower wells about 35 mi to the northeast.
The predicted gross thickness of the Mount Simon
at Trimble County is 366 ft (Fig. 1-7). A net-to-gross
ratio of 0.33 was used for Trimble County, inter-
mediate between 0.53 in the Ashland wells and
0.15 in the DuPont well. This yields a predicted net
sandstone thickness of 121 ft. Average porosity at
Trimble County is estimated to be 10 percent, again
chosen as an intermediate value between the Du-
Pont well to the southwest and the three shallower
wells. The porosity predicted for Trimble County
is reduced because of the poor porosity at the Du-
Pont well. Comparison with regional data suggests
the DuPont well has lower porosity than it should
for its depth (Medina and others, 2011). If this is
a local anomaly, Trimble County may have better
porosity than the conservative number used here.

Table 1-1. Mount Simon reservoir data.
Net Porous Average Lo
Mount Simon Average Depth Gross Sandstone Net-to-Gross Porogit 07?
Sandstone Well-Log | (below surface, Thickness < 80 Gamma- ; y Porosity Feet
o Ratio Net Porous
Data ft) (ft) Ray and > 7% Sandstone (%)
Porosity (ft)
Duke Energy East 3,400 207 170.0 0.57 11.90 20.3
Bend
Ashland Collins 3,800 338 178.0 0.53 14.40 25.6
Ashland Sullivan 3,900 350 186.0 0.53 13.40 25.0
DuPont No. 1 WAD 5,600 748 111.5 0.15 8.70 9.6
Calculated data
Ghent Station 3,650 301 160.0 0.53 12.00 19.2
Thimble County 4,200 366 121.0 0.33 10.00 12.1
tation




Efficiency of CO, Storage

CO, Capacity Calculations

Using compiled and calculated data, CO, stor-
age volume was calculated. CO, storage capacity
is based on the porosity, thickness, and acreage of
the injection zone, and density of the injected CO,.
CO, density is a function of reservoir pressure and
temperature. The Mount Simon interval is deep
enough for supercritical-phase CO, injection at
both Ghent and Trimble County. CO, density cal-
culations were made using the CO, properties cal-
culator at the MIDCARB project Web site: www.
midcarb.org/calculators.shtml. The Midcontinent
Interactive Digital Carbon Atlas and Relational
dataBase was produced by a research consortium
composed of the state geological surveys of Illi-
nois, Indiana, Kansas, Kentucky, and Ohio, funded
by the U.S. Department of Energy.

Calculated CO, densities are shown in Ta-
ble 1-2. CO, density is higher at Ghent than at
Trimble County despite the shallower depth. This
is because of the lower reservoir temperature.

The following parameters are required inputs
to calculate CO, storage capacity:

Reservoir pressure: assumed hydrostatic and calcu-
lated at 0.433 psi/ft for the res-
ervoir depth

taken from well-log data in
Boone and Jefferson Counties
the net porous sandstone thick-
ness as calculated above
standard area of 100 acres

Temperature:
Reservoir thickness:

Reservoir area:

27

Reservoir porosity: the average porosity for the net
reservoir footage

The equation for CO, storage capacity, modified
from Medina and others (2011), is:
SC=A_*h *® *p_,,*¢/1,000

where SC is the storage capacity in metric tons, A_
is the area in square meters, h_is the net reservoir
thickness, ®@_is the average porosity of the net res-
ervoir, p., is the density of CO, at reservoir con-
ditions, and ¢ is the storage efficiency factor (dis-
cussed below).

The Ghent Station has a higher storage ca-
pacity than the Trimble County Station, because
of greater reservoir thickness, higher porosity,
and higher CO, density. The reservoir parameters

used and CO, capacities calculated are shown in
Table 1-3.

Efficiency of CO, Storage

The storage capacity equation used above in-
cludes an efficiency factor, which reduces the CO,
storage capacity. This factor is applied because
100 percent of the available pore volume is never
completely saturated with CO, because of fluid
characteristics and geologic variability within the
reservoir.

Litynski and others (2010) calculated efficien-
cy factors for carbon storage in various reservoir
types that account for factors that reduce the vol-
ume of CO, that can be stored. These factors in-
clude:

Table 1-2. Calculated CO, density at reservoir conditions.

. Reservoir Pressure | Reservoir Temperature CO, Density CO, Density
€0, Densiy (ps) CF) (1b/) (kg/m)
Ghent 1,600 100 445 713.14
Trimble County 1,800 110 43.3 693.60

Table 1-3. Input parameters and calculated CO, storage capacity for a 100-acre area at 100 percent and 14 percent storage

efficiencies.
Net Reservoir | Net Reservoir . Co, Cap fCIty Storage CO, Cap oaC'ty
. . , . CO, Density at 100% oy at 14%
Site Thickness Thickness Porosity 2= . Efficiency -
(kg/m3) Efficiency Efficiency
(ft) (m) . Factor ;
(metric tons) (metric tons)
Ghent 160 48.8 0.12 713.14 1,688,924 0.14 236,449
Trimble 121 36.9 0.10 693.60 1,035,206 0.14 144,929
County
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Geologic Factors

* Net-to-total area ratio of a basin suitable for se-
questration

* Net-to-gross thickness ratio of a reservoir that
meets minimum porosity and permeability re-
quirements

* Ratio of effective to total porosity (fraction of
connected pores)

Displacement Factors

* Areal displacement efficiency: area around a
well that can be contacted by CO,

* Vertical displacement efficiency: fraction of
vertical thickness that will be contacted by CO,

* Gravity: fraction of reservoir not contacted by
CO, due to buoyancy effects

* Displacement efficiency: portion of pore vol-
ume that can be filled by CO, due to irreducible
water saturation

Combining all of these factors using a Monte
Carlo simulation results in a probability range of
total efficiency factors of 0.51 to 5.4 percent (P, to
P,, range) (Litynski and others, 2010). For the pur-
poses of this assessment, we can assume the geo-
logic factors are equal to 1. In our 100-acre unit, the
net to total area is the same, the net to gross thick-
ness has already been calculated and used in the
calculation, and for clastic reservoirs (sandstones)
we can assume that the porosity is well connected
with a ratio of effective (connected) porosity to to-
tal porosity equal to 1. Litynski and others (2010)
calculated efficiency factors for just the displacement
factors separately, and for sandstone reservoirs
they range from 7.4 to 24 percent, with a P (most
likely) efficiency factor of 14 percent. This means
the most likely case is that 14 percent of the pore
space can be filled with CO,. The range of storage
volumes using the probabilistic efficiency factors
for each site is shown in Table 1-4.

The application of an efficiency factor signifi-
cantly reduces the storage capacities, but is neces-
sary to determine reasonable volume estimates.

Chapter 1: Trimble County and Ghent Stations

Summary

Both Ghent and Trimble County Stations have
good potential for geologic storage of CO, beneath
the site property. The Mount Simon Sandstone is
the only formation with suitable porosity and per-
meability at the depths required for supercritical-
phase sequestration. Excellent confinement for
injected CO, is provided by the Eau Claire Forma-
tion, which is more than 500 ft thick.

Geologic data control for Ghent is good, with
several wells to the reservoir within a 15-mi radius,
including the Duke Energy East Bend CO, injection
well. The proximity of the East Bend well to Ghent
lowers the risk of finding a suitable reservoir, and
excellent core, log, and engineering data are avail-
able from this research project. Two short seismic
lines were acquired at the East Bend site, almost
15 mi from Ghent. Although helpful in mapping,
these lines are not close enough to characterize
the Ghent site. There are no surface faults mapped
within a 15-mi radius. Ghent has a higher calcu-
lated CO, storage volume per acre than Trimble
County because of shallower depth and higher po-
rosity, which results in a higher net reservoir thick-
ness. The Mount Simon structure map (Fig. 1-6) in-
dicates that injected CO, would migrate slowly to
the northeast, parallel to the Ohio River. Migration
of some CO, under the river into Indiana is pos-
sible, but this would depend on the volume of CO,
injected and the length of time. If this is a concern,
an injection simulation could be run to predict the
CO, plume size and direction over time. KGS does
not currently have this modeling capability, but it
may be available in the near future.

The Trimble County site has very similar geol-
ogy to Ghent, but geologic data are scarcer. There
are no wells to the Mount Simon within a 15-mi
radius of the site. The Mount Simon Sandstone is
likely to be thicker at Trimble than at Ghent, but it
lies about 500 ft deeper, resulting in less porosity
and thinner net reservoir thickness. The Trimble

and others, 2010).

Table 1-4. Range of probabilistic storage volumes using DOE’s displacement efficiency factors for clastic reservoirs (Litynski

Minimum Volume (metric

Most Likely Volume (metric

Maximum Volume (metric

Site tons/100 acres) ¢ = 7.4% (P,) | tons/100 acres) ¢ = 14% (P, ) | tons/100 acres) ¢ = 24% (P,)
Ghent 124,980 236,449 405,342
Trimble County 76,605 144,929 248,449
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County site is closer to Louisville, where a waste-
disposal well was unable to establish commercial-
rate injection in the Mount Simon. Reservoir quali-
ty is thought to be adequate for injection at Trimble
County, but with lower storage volumes predicted
than at Ghent, and with a higher level of risk be-
cause of the lack of nearby data. The Eau Claire
Formation seal is good and similar to that at Ghent,
but there are mapped surface faults that just cross
the 15-mi buffer to the east and south of the site.
These faults do not appear to continue toward the
site, but seismic data would be necessary to confirm
their extent in the subsurface. The dip of the Mount
Simon is similar to that at Ghent, but because of
the location of the Ohio River, injected CO, migrat-
ing northeast (updip) from Trimble County would
remain in Kentucky for at least 14 mi. Depending
on volumes and rates of injection, part of the CO,
plume could grow to the southwest (downdip) of
the plant site, under the river. As at Ghent, injec-
tion simulations could be run to predict the size
and shape of the CO, plume over time.

Using the most likely storage volumes at each
site, the following volume of CO, could be stored
at each site, using property owned by LG&E-KU
(Table 1-5).
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LG&E-KU CO, Sequestration Geologic Summary Sheet

Chapter 2: Geologic CO, Sequestration Potential of the
LG&E-KU Green River Station, Western Kentucky

LG&E-KU CO, Sequestration Geologic Summary Sheet

Power Plant: Green River County: Muhlenberg Geologic Basin: Illinois Basin

Data Quality:

Distance to nearest well control in reservoir:
Wells to primary injection zone within 15-mi radius:

Distance to nearest core in injection zone:

Distance to nearest good-quality seismic control:

Reservoirs:

Primary injection zone:
Rock type:
Drilling depth at plant site:
Trapping mechanism:
Average reservoir pressure:
Reservoir temperature:
Salinity of reservoir fluid:
Reservoir thickness (gross/net):
Average porosity:
Average permeability:

Secondary injection zone:

Confinement and Integrity:
Primary confining zone:
Rock type:

Thickness of primary confining zone:
Height above primary injection zone:
Well penetrations of primary seal within

15-mi radius:
Secondary confining zone:
Rock type:

Thickness of secondary confining zone:
Height above primary injection zone:
Well penetrations of secondary seal within

15-mi radius:

Number of faults cutting primary seal within

15-mi radius:
Distance to nearest mapped fault:

Storage Capacity:

Calculated CQO, storage capacity, primary injection zone:

3.0 mi (partial penetration)
4

10.7 mi

3.6 mi

Cambrian-Ordovician Knox Group
dolomite with interbedded sandstones
6,421-8,000 ft

regional dip (capillary and solution trapping)
3,300 psi (assuming 100,000 ppm TDS)
130°F

100,000 ppm

36/11.1 ft

9.7 percent

1.2 md (calculated)

none at this site

Maquoketa Shale
shale and siltstone
545 ft

875 ft

6

Devonian New Albany Shale
black shale

225 ft

2,690 ft

43

7 (fault zone segments)
6.8 mi

345,515 million metric tons/100 acres
(assuming 100 percent efficiency)

72,558 metric tons/100 acres (at 21 percent
efficiency)

Data compiled and interpreted from well records maintained by the Kentucky Geological Survey.
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Introduction

Geologic CO, sequestration potential was
evaluated for an area surrounding the LG&E-KU
Green River Station in Muhlenberg County, Ky. A
circular area with a 15-mi radius around the plant
was defined as the primary focus of the evaluation,
but data from beyond 15 mi were also used because
of limited data from the primary area (Fig. 2-1).

The following data were compiled for the
evaluation:

1. The 7.5-minute topographic and geologic
quadrangle maps for the Central City
East, Central City West, Equality, and
Livermore quadrangles

2. Locations of all petroleum-exploration
and waste-disposal wells penetrating the
Upper Ordovician Maquoketa Shale or
deeper formations

3. Formation tops for geologic units from the
top of the Ordovician to the Middle Cam-
brian strata

4. Available digital geophysical logs for
Knox and deeper wells

5. Reflection-seismic data, including the pur-
chase and interpretation of three new pro-
files in Ohio, Muhlenberg, and Hopkins
Counties, Ky.

Within the 15-mi radius around the Green
River Station, four wells have been drilled that pen-
etrate the target reservoir (Knox Group), including
one well (Conoco No. 1 Turner) that penetrates the
entire Paleozoic section, ending in Precambrian
rocks. These wells provide the key geologic data
used in this assessment. Geologic data relating to
the injection zone from the Kentucky Geological
Survey No. 1 Marvin Blan well in Hancock County,
Ky., were also used, even though the well is 23 mi
outside the project radius. The data from this more
distant well were added to the review because of
the quality and quantity of the subsurface data ac-
quired at this research well. Core analyses, forma-
tion image logs, and injection data were available
from this well. All of these wells penetrated the pri-
mary injection zone (Knox Group) and overlying
seal (Maquoketa Shale).

Geologic Setting and
Surface Geology

The Green River Station is located in the
southernmost Illinois Basin, within the Moorman
Syncline. This east-west-trending syncline (con-
cave-upward fold structure) within Mississippian,
Pennsylvanian, and Quaternary strata is a sag fea-
ture that formed above the Cambrian Rough Creek
Graben. The borders of the Rough Creek Graben
are formed by basement-rooted fault systems: the
Rough Creek Fault System to the north (exposed
in McLean and Ohio Counties; Figure 2-1) and by
the Pennyrile Fault System to the south (Christian,
Mubhlenberg, and Butler Counties; Figure 2-1). De-
spite the numerous exposed faults in the study
area, no evidence has been found to suggest that
any of these faults have been active since the Perm-
ian Period (more than 250 million years ago).

The Green River Station is located on the west-
ern edge of the Central City East 7.5-minute quad-
rangle, and a geologic map for this quadrangle by
Palmer (1972) was published by the U.S. Geologi-
cal Survey. The station is located on unconsolidat-
ed Quaternary alluvium sediments (Fig. 2-2). The
hills northwest of the station are underlain by Mid-
dle to Upper Pennsylvanian sandstones, siltstones,
shales, limestones, and coal of the Patoka Forma-
tion (Pp in Figure 2-2). The area in green to the
south of the station is hills formed by sandstone,
shale, and coal of the Lower to Middle Pennsylva-
nian Shelburn Formation (Psh in Figure 2-2). The
change in colors in the map area northwest of the
station (Livermore quadrangle) in Figure 2-2 rep-
resents a slightly different stratigraphic classifica-
tion system, and not an abrupt change in surface
geology. Surface geology does not have a direct
impact on carbon sequestration potential, since
carbon dioxide injection will occur at much deeper
depths. More information about these quadrangle
maps and units is available online at kgs.uky.edu/
kgsmap/KGSGeology/ viewer.asp.

The surface geology will have an impact on
the design and implementation of shallow ground-
water monitoring wells that will be required by
the U.S. EPA for an underground injection con-
trol permit. The presence of unconsolidated al-
luvium along the Green River should reduce the
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Injection Well
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ot

Daviess

REMARKS
Black circle indicates 15 mile radius area of review
around plant._Only wells driled below primary seal
(Maguoketa Shale) shown. Line of geologic cross
section indicated in blue, mapped surface faults in red,
and seismic lines are shown in green
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Figure 2-1. Location of the Green River Station in western Kentucky. The study area is enclosed by the black circle. Red lines
are faults mapped at the surface and green lines are the locations of seismic profiles used in the study. Wells drilled deeper than
the Maquoketa Shale are shown. See Figure 2-2 for surface geology. Blue line is the location of the north-south cross section
shown in Figure 2-3.
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overall expense of the construction of monitoring
wells. The UIC permit will likely require monitor-
ing down to the base of the underground source of
drinking water, defined as having water with less
than 10,000 ppm of total dissolved solids, which
will require drilling into bedrock.

Stratigraphy and Structure

In areas with normal subsurface temperature
and pressure gradients, geologic storage of CO,
is confined to depths greater than 2,500 ft below
the surface so that CO, exists in the supercritical,
or dense, phase. Supercritical CO, has properties
of both a liquid and a gas, but much higher den-
sity than gaseous CO,. This results in significant
increases in storage capacity within the same stor-
age reservoir. In the Green River Station area, this
2,500-ft depth falls within Upper Mississippian
strata (primarily limestones and siltstones). Al-
though these formations can be porous, the lack
of an adequate confining unit or stratigraphic seal
make these units unsuitable for the storage of CO,.

The two formations below 2,500 ft that are
considered appropriate for use as confining layers
in this area are the Upper Devonian New Albany
Shale (around 3,500 ft depth) and the Upper Ordo-
vician Maquoketa Shale (at around 5,000 ft). The
Silurian Laurel Dolomite is the only porous unit
that lies between the New Albany and Maquoketa
Shales, but its limited thickness in this area (about
10 ft) makes it unsuitable as a commercial-scale
injection target. For these reasons, the Maquoketa
Shale will be considered the primary confining
unit, with the stratigraphically higher New Alba-
ny Shale acting as a secondary confining unit. At
shallower locations, the Middle Ordovician Black
River Limestone is also considered as a second-
ary confining unit because of its low porosity and
permeability. However, the deeper burial at the
Green River site has produced extensive fracturing
within this unit, which therefore limits its sealing
capacity.

The only unit evaluated for storage capacity at
this site is the Upper Cambrian to Lower Ordovi-
cian Knox Group. Reservoir zones within the Knox
include dolostones with both primary (intergranu-
lar) and secondary (vugular) porosity, as well as
interbedded porous sandstones.

Unlike at other LG&E-KU study sites, the base
of the proposed injection zone at the Green River
Station is defined by depth-related porosity loss
within the Knox Group, and not by the base of a
stratigraphic unit (Fig. 2-3). The depth at which po-
rosity within the Knox is insufficient for storage of
CQO, (less than 7 percent porosity) is around 8,000 ft
in the Green River Station area.

Middle Cambrian Eau Claire Formation

The deepest unit evaluated in this study is
the Eau Claire Formation. The Eau Claire directly
underlies the Knox Group and is predominantly
composed of green and gray marine shales, with
some interbedded dolomite. The Eau Claire has
very low porosity and permeability. Figure 2-4 is
a structure map contoured on the top of the Eau
Claire. The Eau Claire deepens to the west into the
deeper parts of the Rough Creek Graben. The drill-
ing depth to the top of the Eau Claire at the Green
River Station is estimated to be 12,300 ft, based
on regional seismic interpretation. No units with
porosity suitable for CO, storage are expected or
interpreted below the top of the Eau Claire Forma-
tion. Unlike at the Ghent, Trimble, and Mill Creek
sites, the Mount Simon Sandstone is not present at
this location.

Upper Cambrian-Lower
Ordovician Knox Group

Within the Illinois Basin, the Knox Group is
divided into two dolomite units: the Beekman-
town Dolomite and the Copper Ridge Dolomite,
separated by sandstone or a dolomitic sandstone
unit of the Gunter Sandstone. Because the Gunter
is poorly developed in this area, this study ana-
lyzes the Knox Group as a whole without differen-
tiation. The top of the Knox is a regional erosional
unconformity that formed when the Knox Group
rocks were uplifted above sea level during the
Early Ordovician. The Knox Group lies at a sub-
surface elevation of about 6,010 ft below sea level
(Fig. 2-5), and is approximately 5,900 ft thick at the
Green River site (Fig. 2-6). The Knox contains scat-
tered porous and permeable intervals separated by
impermeable dolomite. It has injection potential
in other parts of Kentucky (such as the location of
the Kentucky Geological Survey No. 1 Marvin Blan
research well in Hancock County) and was used
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Figure 2-3. North-south regional structural cross section showing well logs for deep wells and the location of the Green River Station. Basement offsets along faults (near the edge of the 15-mi study radius) are not to scale. Well logs are the gamma-ray and caliper in the left track and bulk-
density, neutron-porosity, and sonic logs in the right track. Stratigraphic tops below logged intervals (and total depth of wells) were interpreted from regional seismic data. The Magquoketa Shale is the primary seal for the underlying Knox, and extends across the entire area.
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Figure 2-4. Structure on top of the Cambrian Eau Claire Formation. The structure deepens to the west. Regional fault systems
are marked in dark gray, seismic profiles in green. The contour interval is 200 ft.

as a hazardous-waste injection zone at the DuPont
chemical plant in Louisville. Porous zones in the
Knox have also been used for natural gas storage
by LG&E in Grant and Oldham Counties (Ballards-
ville and Eagle Creek storage fields). These storage
fields are now abandoned, and the porous zones in
them are too shallow for CO, storage.

Within the Rough Creek Graben, the Knox
Group deepens and thickens to the west. All of the
Knox in the study area lies below the 2,500 ft depth

limit for CO, to be in a supercritical phase. Howev-
er, the lower part of the Knox (below 7,500-8,000 ft
depth) is not an injection target, because the prima-
ry porosity (and therefore permeability) has been
destroyed by the compaction of burial. Only units
with 7 percent or more porosity are suitable for se-
questration, so the compaction alters the effective
reservoir thickness of the Knox to about 1,575 ft
at the Green River Station (Fig. 2-7). This depth
limitation reverses the trend shown on the overall
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Figure 2-5. Structure on top of the Knox Group. Regional fault systems are marked in dark gray, seismic profile data locations in
green. Contour interval is 200 ft. The top of the Knox dips to the west at the site.

thickness map (Fig. 2-6), so that the target inter-
val thickens to the east (Fig. 2-7) and toward the
northern and southern boundaries of the Rough
Creek Graben (Fig. 2-8). Thus, within the 15-mi ra-
dius, the usable thickness of the Knox varies from
around 700 ft in eastern Hopkins County to around
4,200 ft in central Ohio County, Ky.

Dutchtown Formation and
Joachim Dolomite of the
Ordovician Ancell Group

The Dutchtown Formation and Joachim Do-
lomite are dolomite intervals that contain variable
amounts of shale, and immediately overlie the
Knox unconformity. They are equivalent to the



Stratigraphy and Structure 39

Kentucky Geological Survey 7403:I
LGEE-KU CO2 Sequestration Assessment 720
Green River Station 70001
Knox Group lsopach Map o3 A9 6800
= 6600—]
Thickness in Feet 6400——
ELL SYMBOLS 6200
Dry Hole & 6000——
Power Plant 5800-—
5600—
REM & 5400
Well Knox G L
inte n?alssﬁvgmragnn%éﬂt;rﬁmwg \srggﬁ ft 5200+
500
4801
4601
1] 1 2 3 4 @ 4401
MILES 420
b 400
380
360
340
(oS
S 589
O p ki n *Gree River tion
&0
@ 5400
S
o
600
5.}
o:3
<
=
o
o
< <
&
)
O R
O 5

DETDA AP A-DR-E5 Dbt

Figure 2-6. Thickness of the entire Knox Group interval.

Wells Creek Dolomite in Ohio and are partly gra-
dational with the St. Peter Sandstone. They gener-
ally have low porosity and permeability, and may
provide additional confinement for CO, injected in
deeper zones. The formations were not mapped in
detail in this study.

Ordovician Black River Group

In shallower areas, the Black River Group
forms a secondary confining zone (seal) for CO,
injected into the deeper Knox Group. The top of
the Black River is at about 5,545 ft depth below the
Green River Station (Fig. 2-9), where the interval
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Figure 2-7. Thickness of the upper porous zone of the Knox Group above —7,600 ft in elevation (about 8,000 ft depth).

is about 875 ft thick. These rocks are composed of
limestone with minor amounts of dolomite. The
interval typically has very low porosity and per-
meability unless fractured from faulting or burial.
Unfortunately, the Black River Group in the area
surrounding the Green River Station appears to
be extensively fractured, making it unsuitable as a
seal.

Upper Ordovician Maquoketa Shale

The Maquoketa Shale is the primary confining
unit for the Knox Group at the Green River site.
The Maquoketa Shale does not directly overlie the
Knox injection target, but instead lies roughly 875 ft
above the top of the Knox Group (separated by the
rocks of the Ancell and Black River Groups). The
Maquoketa Shale is composed of mudstone and
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Figure 2-8. Stratigraphic north-south cross-sectional profile across 15-mi radius around the Green River Station. Depth datum is the top of the Knox Group. Stratigraphic tops below logged intervals (and well total depth) interpreted from regional seismic data.
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Figure 2-9. Structure on the top of the Middle Ordovician Black River Group (base of the Maquoketa Shale). Contour interval is
200 ft. Regional fault systems are indicated by dark gray lines, and seismic profile locations are marked in green.

siltstones with sufficient clay content to reduce the
effective porosity and permeability to almost zero.
At the Green River site, the top of the Maquoketa
is around 5,000 ft deep (-4,590 ft subsea), and dips
gently to the west-northwest (Fig. 2-10). The thick-
ness of the Maquoketa Shale appears to lack the
large basinal trends of other units (Fig. 2-11), and is
about 545 ft thick at the station.

Seismic Data Interpretation
and Deep Faults

Six reflection-seismic profiles on file at KGS
were used to interpret the stratigraphy and geo-
logic structure surrounding the Green River Sta-
tion. In addition, LG&E-KU purchased segments
of three different seismic lines from within about
5 mi of the site, in order to help constrain the in-
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Figure 2-10. Structure on the top of the Upper Ordovician Maquoketa Shale (primary confining unit). Contour interval is 200 ft.
Regional fault systems are indicated by dark gray lines, and seismic profile locations are marked in green.

terpretation of reservoir integrity below the sta-
tion: seismic lines CGG-101, CGG-202, and DIB-17
(Fig. 2-1). With these supplementary data, a nearly
complete circumference of seismic data surrounds
the station. This raises the confidence level of the
structural and stratigraphic interpretations below
the Green River Station.

Numerous individual faults have been
mapped at the surface within the 15-mi study radi-
us around the Green River Station (Fig. 2-1). At the

depth of the primary confining unit (Maquoketa
Shale), these faults are interpreted to coalesce into
seven fault-system segments, and are represented
by bold dark gray lines on the maps. These inter-
pretations were made after an analysis of both well
and seismic data (green lines in the previous maps)
from the region. However, these fault systems are
not evenly distributed, and are primarily along the
northern and southern edges of the study area. The
fault zone nearest the station is about 7 mi to the
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Figure 2-11. Thickness of the Maquoketa Shale (primary confining unit). Contour interval is 100 ft. Regional fault systems are
indicated by dark gray lines, and seismic profile locations are marked in green.

northwest. Because of the structure at the top of
the Knox Group, updip migration of buoyant CO,
away from the station will tend to move to the east-
northeast, away from the closest faults that are to
the northwest and southwest (Fig. 2-5).

One major concern with the sequestration in-
tegrity of the Knox Group below the Green River
Station was the possible subsurface extensions of
the North and South Graham Faults in northwest-

ern Muhlenberg County (Fig. 2-12). These faults
are exposed at the surface 7.9 mi southwest of
the station (Fig. 2-1). If these faults do extend be-
yond their surface exposures and along the same
strike (compass direction), they would cross the
Green River Valley within 1.5 mi of the station.
The parts of seismic lines CGG-101 and CGG-202
that were purchased by LG&E-KU were chosen
specifically to address this concern. The north-
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Figure 2-12. Detailed view of the surface geology and seismic line locations (green dotted lines) near the northeastern ends of
the North and South Graham Faults. Geologic data from Kehn (1968).

south profile CGG-202 was acquired just east (less
than 0.5 mi) of these fault exposures (Fig. 2-1). The
near-surface deformation from these faults is vis-
ible on the southern end of the line (Fig. 2-13). No

structural offset is visible at or below the second-
ary confining unit, but a linear subvertical zone
of reduced amplitudes below this deformed area
implies the presence of extensive fracturing near
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or just beyond the tip of this fault (highlighted in
purple in Figure 2-13). If this truly is a fault-related
deformation zone, it appears to end before cross-
ing line CGG-101 (Fig. 2-14), 3 mi to the northeast
(Fig. 2-12). East of the station, no faults or fracture

@ CGG-101_MIG Yol: DefaultSgy W¥ol: DefaultSgy :Colon Gain 40

deformation is visible along the 8.7 mi covered by
line DIB-17 (Fig. 2-15). From the data available to
this study, no faults were interpreted to breach the
Knox Group or its primary or secondary confine-
ment units within 5 mi of the Green River Station.
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Figure 2-14. East-west seismic profile CGG-101, central Muhlenberg County, Ky. The deeper, primary confining unit (Maquoketa
Shale) and shallower, secondary confining unit (New Albany Shale) are highlighted in green. The estimated porous interval of the
Knox Group (although not resolvable on seismic data) is highlighted in purple. The base of the Knox Group (Eau Claire Forma-

tion) is marked in dark green.
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Reservoir Quality and
Injection Zone Thickness

In order to calculate carbon sequestration ca-
pacity, the average porosity and thickness of the
storage reservoir are required. Since there are no
wells currently drilled to the base of the Knox
Group at the Green River Station plant site, exact
porosity data are not available. For this reason, es-
timates for porosity and net injection zone thick-
ness were calculated from data from nearby wells.
Data from the Kentucky Geological Survey No. 1
Marvin Blan CO, injection test well were especially
helpful, since high-quality well logs and core data
are available from this well.

Porosity and Permeability

The most direct and accurate method of de-
termining porosity and permeability is through the
analysis of rock samples. Because of the cost asso-
ciated with drilling well cores, far fewer well sam-
ples than well logs of the Knox Group are avail-
able. Porosity (but not permeability) data are also
derived from downhole well logs, especially the
bulk-density log. Logs provide a continuous data
set for the entire formation, but are not as accurate
as core data. A total of four wells with density logs
were used to estimate dolostone porosity at the
plant site: Refuge Exploration No. 2 CU Hess, Con-
oco No. 1 Turner, Texas Gas Transmission No. TA
Kerrick, and Kentucky Geological Survey No. 1
Marvin Blan.

Plotting porosity versus permeability illus-
trates the positive correlation between the two.
Because porosity can be measured with downhole
logs and permeability cannot, this cutoff allows the
thickness of rock with suitable porosity and per-
meability for injection to be summed from porosi-
ty-log data alone. An empirical analysis of the rela-
tionship of porosity versus permeability within the
Knox Group was performed by Bowersox (2010),
using 54 rock samples (from sidewall and whole
cores) obtained from the Kentucky Geological Sur-
vey No. 1 Marvin Blan well in Hancock County,
Ky. Although this well lies outside of the Rough
Creek Graben and is 38 mi from the station, the li-
thology and depositional environment of the Knox
Group does not vary significantly over this area.
Therefore, we believe that those characteristics are

applicable to the Knox Group below the Green Riv-
er Station. Although there is some variability in the
data, the best-fit curve of the data can be described
as:

k = 8.4 x 107 750

where k = permeability in millidarcys and ® = po-
rosity in percent. Using this methodology, the aver-
age permeability in the Knox Group is calculated as
1.24 md at an average porosity of 9.7 percent. The
floor of the injection zone within the Knox Group
is calculated to have a permeability of 0.16 md at
7.0 percent porosity.

Porosity in the Knox Group decreases with in-
creasing burial depth. This is primarily because of
cementation and compaction, and is a result of in-
creased temperature, pressure, and the amount of
time the rocks have been buried. Cross-plots of po-
rosity versus depth establish a general correlation
between porosity and depth within the Knox (ap-
proximately 1.8 percent loss of porosity per 1,000 ft
of depth). This rate of porosity loss correlates well
with regional Knox porosities calculated from
available well-log data. At depths below about
8,000 ft in the Knox, porosity values drop below
7 percent, and therefore the Knox is unsuitable for
CO, storage. For this reason, 8,000 ft is considered
the floor of the potential sequestration zone within
the Knox Group. It should be noted that these con-
clusions are based on average porosity values, and
the data vary significantly.

Calculation of Net Porous Dolostone
Once a porosity cutoff was chosen, the amount
of net porous dolostone and average porosity of
dolostones above the cutoff were determined for
each well in the study area from bulk-density logs.
Results of the net dolostone calculations are shown
in Table 2-1. Average porosity calculated from
bulk-density logs and total porosity-feet (thickness
of void space) were also calculated. Gross thick-
ness is the thickness of the Knox Group shallower
than 8,000 ft depth. A net-to-gross ratio was calcu-
lated for each well to allow a similar thickness to
be calculated at the Green River site using the to-
tal mapped thickness. The net-to-gross ratio rang-
es from 0.35 in the Refuge Exploration No. 2 CU
Hess well to 0.017 in both the Conoco No. 1 Turner
and Texas Gas Transmission No. 1A Kerrick wells.
Average log-derived porosity of the net dolostone
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Table 2-1. Knox Group reservoir data.
Average Log
Knox Group Average Depth Qross Net Porous o, | Net-to-Gross Porosity of .
(below surface, Thickness | Dolostone > 7% ; Porosity-Feet
Well-Log Data ft) () Porosity (ft Ratio Net Porous

y Dolostone (%)
Refuge Exploration
20U Hess 7,054 1,693 59 0.03 10.6 15.0
Conoco 1 Turner 6,368 2,665 45 0.02 10.3 29.5
KGS 1 Blan 5,441 3,318 1,020 0.31 9.6 97.7
TGT 1A Kerrick 6,665 2,068 36 0.02 8.4 16.4
Calculated data
Green River Station 7,211 1,579 149 0.09 9.7 14.5

interval ranges from 10.6 percent in the Refuge Ex-
ploration No. 2 CU Hess to 8.4 percent in the Texas
Gas Transmission No. 1A Kerrick well. The Ken-
tucky Geological Survey No. 1 Marvin Blan well is
outside of the Rough Creek Graben and the Knox
there is at a much shallower depth than it is below
the Green River Station. This led to a much high-
er proportion of porous dolomite and dolomitic
sandstone within the Knox Group in the No. 1 Blan
well than would be expected at the study site. For
this reason, the net/gross ratio from the Kentucky
Geological Survey No. 1 Marvin Blan well (0.307)
was not used to calculate storage volumes at Green
River Station.

Table 2-1 lists calculated data for the Green
River site. The gross thickness was taken from the
thickness map of the Knox Group shallower than
8,000 ft depth (Fig. 2-7). Then a net dolostone foot-
age was calculated using the net-to-gross ratios de-
termined from the four analog wells. This yields a
net dolostone estimate for the Green River Station
of 149 ft.

CO, Capacity Calculations

Storage capacity is based on the porosity,
thickness, and area of the injection zone and den-
sity of the injected CO,. The density of CO, is a
function of reservoir pressure and temperature.
The Knox Group is deep enough for supercritical-
phase CO, injection (reservoir temperature and
pressure greater than 1,072 psi and 88°F) at the

Green River Station. The CO, density calculations
were made using the CO, properties calculator at
the MIDCARB project Web site: www.midcarb.
org/calculators.shtml. The Midcontinent Interac-
tive Digital Carbon Atlas and Relational dataBase
was produced by a research consortium composed
of the state geological surveys of Illinois, Indiana,
Kansas, Kentucky, and Ohio, funded by the U.S.
Department of Energy. Calculated CO, densities
are shown in Table 2-2.

These parameters are required to calculate
CO, storage capacity:
Reservoir pressure: assumed hydrostatic conditions
(with a salinity of 100,000 ppm)
and calculated at 0.465 psi/ft
for the reservoir depth
assumed continental thermal
gradient of 1°F/100 ft depth
the net porous dolostone thick-
ness as calculated above
standard area of 100 acres
the average porosity for the net
reservoir footage

Temperature:
Reservoir thickness:

Reservoir area:
Reservoir porosity:

The equation for CO, storage capacity, modi-
fied from Medina and others (2011), is:
SC=A *h *® *p_ *¢ /1,000
where SC is the storage capacity in metric tons, A_

is the area in square meters, h_is the net reservoir
thickness, @ _is the average porosity of the net res-

Table 2-2. Calculated CO, density at reservoir conditions.

Site Reservoir Pressure | Reservoir Temperature CO, Density CO, Density
(psi) (°F) (Ib/ft%) (kg/m®)
Green River 3,300 130 49.41 791.47
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ervoir, p.,, is the density of CO, at reservoir con-
ditions, and ¢ is the storage efficiency factor (dis-
cussed below).

The reservoir parameters used and CO, ca-
pacities calculated are shown in Table 2-3.

Efficiency of CO, Storage

The storage capacity equation above includes
an efficiency factor, which reduces the CO, storage
capacity. This factor is applied because 100 percent
of the available pore volume is never completely
saturated with CO, because of fluid characteristics
and geologic variability within the reservoir.

Litynski and others (2010) calculated efficien-
cy factors for carbon storage in various reservoir
types that account for factors that reduce the vol-
ume of CO, that can be stored. These factors in-
clude:

Geologic Factors

* Net-to-total area ratio of a basin suitable for se-
questration

* Net-to-gross thickness ratio of a reservoir that
meets minimum porosity and permeability re-
quirements

* Ratio of effective to total porosity (fraction of
connected pores)

Displacement Factors

* Areal displacement efficiency: area around a
well that can be contacted by CO,

* Vertical displacement efficiency: fraction of
vertical thickness that will be contacted by CO,

* Gravity: fraction of reservoir not contacted by
CO, due to buoyancy effects

* Displacement efficiency: portion of pore vol-
ume that can be filled by CO, due to irreducible
water saturation

Combining all of these factors using a Monte
Carlo simulation results in a probable range of to-
tal efficiency factors of 0.64 to 5.5 percent (Litynski
and others, 2010). For the purposes of this assess-
ment, we can assume the geologic factors are equal
to 1. In our 100-acre unit, the net to total area is the
same, the net to gross thickness has already been
calculated and used in the calculation, and for do-
lomite reservoirs (dolostones) we can assume that
the porosity is well connected with a ratio of ef-
fective (connected) porosity to total porosity is
equal to 1. Litynski and others (2010) calculated
efficiency factors for just the displacement factors
separately, and for dolostone reservoirs they range
from 16 to 26 percent, with a P, (most likely) ef-
ficiency factor of 21 percent. This means the most
likely case is that 21 percent of the pore space can
be filled with CO,. The range of storage volumes
using the probabilistic efficiency factors for Green
River Station is shown in Table 2-4.

Summary

The Green River Station has potential for
geologic storage of CO, beneath the site property.
The strata of the Knox Group are the only forma-
tions with suitable porosity and permeability at the
depths required for supercritical-phase sequestra-
tion. Excellent confinement for injected CO, is pro-
vided by the Maquoketa Shale, which is more than
500 ft thick.

Table 2-3. Reservoir parameters and calculated CO, storage capacities for a 100-acre area at theoretical limits (100 per-
cent) and probable (21 percent) storage efficiencies. The 21 percent efficiency rate for porous dolostone reservoirs taken
from DOE’s 2010 Carbon Sequestration Atlas of the United States and Canada (Litynski and others, 2010).

CO, Capacity CO, Capacity
Net Reservoir | Net Reservoir Average . per 100 acres Storage per 100
. , . ? CO, Density ey
Site Thickness Thickness Porosity (f( /) at 100% Efficiency acres at 21%
(ft) (m) (%) g Efficiency Factor Efficiency
(metric tons) (metric tons)
Green River 36 11.1 9.7 791.47 345,515 0.21 72,558

Table 2-4. Range of probabilistic storage volumes using DOE’s displacement efficiency factors for clastic reservoirs (Litynski
and others, 2010).

Site Minimum Volume (metric Most Likely Volume (metric Maximum Volume (metric
tons/100 acres) ¢ = 16% tons/100 acres) ¢ = 21% tons/100 acres) ¢ = 26%
Green River 55,282 72,558 89,834
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Geologic data control for the Green River Sta-
tion is moderate, with only four wells drilled to
the reservoir within a 15-mi radius, and only one
(Conoco No. 1 Turner) that penetrated the entire
section of the Knox. The proximity of the Ken-
tucky Geological Survey No. 1 Marvin Blan well
to Green River Station lowers the risk of finding
a suitable reservoir, and excellent core, log, and
engineering data are available from this research
project. The three seismic lines surrounding the
station purchased for this project were useful, not
only for subsurface mapping, but also for analyz-
ing the extent and locations of fault systems within
and above the target injection zone. Using these
data, we interpreted no faults below the confining

units within a 5-mi radius of Green River Station.
Interpretation of the Knox Group structure map
(Fig. 2-5) suggests that injected CO, would migrate
slowly updip (approximately 1°) to the east-north-
east.

Reservoir quality is probably adequate for in-
jection at the Green River Station. The additional
cost (compared to the other LG&E-KU stations in
this project) of drilling a well more than 7,000 ft
deep to the Knox would be offset somewhat by the
increased volume of CO, that can be stored at that
greater depth and pressure.

The most likely volume of CO, that could be
stored at the Green River Station, using property
owned by LG&E-KU, is shown in Table 2-5.

Table 2-5. Total storage volume onsite assuming 100 percent use of LG&E-KU property.

. CO, Storage Volume Total Property Size Total Site Storage Volume
Site 27 ;
(metric tons per acre) (acres) (metric tons)
Green River 726 415.8 301,697




References Cited 53

References Cited

Bowersox, J.R., 2010, Geologic evaluation of the
Kentucky Geological Survey Marvin Blan
No. 1 deep saline reservoir injection test well,
Hancock County, Kentucky: Kentucky Geo-
logical Survey contract report to Kentucky
State Government, 80 p.

Goudarzi, G.H., 1969, Geologic map of the Equal-
ity quadrangle, western Kentucky: U.S. Geo-
logical Survey Geologic Quadrangle Map GQ-
815, scale 1:24,000.

Hanson, D.E., and Smith, A.E., 1978, Geologic map
of the Livermore quadrangle, western Ken-
tucky: U.S. Geological Survey Geologic Quad-
rangle Map GQ-1467, scale 1:24,000.

Kehn, T.M., 1968, Geologic map of the Graham
quadrangle, western Kentucky: U.S. Geologi-
cal Survey Geologic Quadrangle Map GQ-
765, scale 1:24,000.

Litynski, J., Deel, D., Rodosta, T., Guthrie, G., Good-
man, A., Hakala, A., Bromhal, G., and Frailey,
S., 2010, Appendix B: Summary of the meth-

odology for development of geologic storage
estimates for carbon dioxide: Carbon seques-
tration atlas of the United States and Canada,
U.S. Department of Energy-National Energy
Technology Laboratory, 162 p.

Medina, C.R., Rupp, J.A., and Barnes, D.A., 2011,
Effects of reduction in porosity and perme-
ability with depth on storage capacity and in-
jectivity in deep saline aquifers: A case study
from the Mount Simon Sandstone aquifer:
International Journal of Greenhouse Gas Con-
trol, v. 5, p. 146-156.

Palmer, J.E., 1969, Geologic map of the Central
City West quadrangle, Muhlenberg and Ohio
Counties, Kentucky: U.S. Geological Survey
Geologic Quadrangle Map GQ-831, scale
1:24,000.

Palmer, J.E., 1972, Geologic map of the Central
City East quadrangle, Muhlenberg and Ohio
Counties, Kentucky: U.S. Geological Survey
Geologic Quadrangle Map GQ-1031, scale
1:24,000.



54 Chapter 3: E.W. Brown Station

Chapter 3: Geologic CO, Sequestration Potential of the
LG&E-KU E.W. Brown Station, Central Kentucky

LG&E-KU CO, Sequestration Geologic Summary Sheet

Power Plant: EEW. Brown

Data Quality:
Distance to nearest well control in reservoir:

Wells to primary injection zone within 15-mi radius:

Distance to nearest core in injection zone:
Distance to nearest good-quality seismic control:

Reservoirs:

Primary injection zone:
Rock type:
Drilling depth at plant site:
Trapping mechanism:
Maximum reservoir pressure:
Reservoir temperature:
Salinity of reservoir fluid:
Reservoir thickness (gross/net):
Average porosity:
Average permeability:

Secondary injection zone:

Confinement and Integrity:

Primary confining zone:
Rock type:
Thickness of primary confining zone:
Height above primary injection zone:
Well penetrations of primary seal within

15-mi radius:

Secondary confining zone:
Rock type:
Thickness of secondary confining zone:
Height above primary injection zone:

Well penetrations of secondary seal within

15-mi radius:
Number of faults cutting primary seal within
15-mi radius:
Distance to nearest mapped fault:

Storage Capacity:

Calculated CQO, storage capacity, primary injection zone:

County: Mercer

Geologic Basin: Cincinnati Arch

6.8 mi

8

10.8 mi

N/ A (all poor quality)

Cambrian Rome Formation and basal sandstone
sandstone (quartzarenite and arkose)
N/ A (4,600 ft offsite)

closed fault trap

2,400 psi (hydrostatic)

110°F

200,000 ppm

1,561/312 ft

10 percent

56 md

none at this site

Cambrian Conasauga Group
shale and limestone

1,000 ft

0 (overlies injection zone)

13

Ordovician Black River Limestone (High Bridge)
limestone

600 ft

4,000 ft

numerous
0.3 mi

2,918,344 metric tons/100 acres

(assuming 100 percent efficiency);

408,568 metric tons/100 acres (at 14 percent
efficiency)

Data compiled and interpreted from well records maintained by the Kentucky Geological Survey.
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Introduction

Geologic CO, sequestration potential was
evaluated for an area surrounding the LG&E-KU
E.W. Brown Station in Mercer County, Ky. A circu-
lar area with a 15-mi radius around the plant was
defined as the primary focus of the evaluation, but
data from beyond 15 mi were also used because of
limited data from the primary area. The 15-mi-ra-
dius circle around the E.W. Brown Station is shown
in Figure 3-1.

The following data were compiled for the
evaluation:

1. The 7.5-minute topographic and geologic
quadrangle maps for the Wilmore and
Little Hickman quadrang]les

2. Locations of all mineral- and petroleum-
exploration wells and boreholes

3. Formation tops for geologic units from the
top of the Ordovician to the Precambrian

4. Available digital geophysical logs for
Knox and deeper wells

5. Core analyses (porosity and permeability)
for the Rome Formation in one well

6. Reflection-seismic data available at KGS
(four lines)

Within the 15-mi radius around the E.W.
Brown Station, three wells have been drilled that
penetrate the entire Paleozoic sequence, ending in
Precambrian rocks. These wells provide the key
geologic data used in this assessment. Two addi-
tional Precambrian wells are located just outside
the 15-mi radius, and were also used in the evalu-
ation. Numerous other shallower wells have been
drilled in the area around the Brown station, and
were used for mapping shallower formations.

Our evaluation of the Brown site indicates
that carbon sequestration is not feasible directly
below the power-plant site. The geologic forma-
tions are either too shallow (Knox Supergroup) or
not present (Mount Simon Sandstone) at depths
below 2,500 ft (the minimum depth required for
supercritical-phase CO, storage). There is potential
for sequestration approximately 6 mi to the east
in a geologic feature known as the Rome Trough:
a deeper, fault-bounded basin that contains thick
sandstones at depths greater than 2,500 ft. The
western end of the Rome Trough lies within the
15-mi radius around the E.W. Brown Station, and

this evaluation proposes that this area be used
for CO, storage. This would require a pipeline to
transport CO, a minimum of 6 mi east of the Brown
station. Access would also have to be obtained to
surface property and subsurface pore space.

Geologic Setting and
Surface Geology

The E.W. Brown Station is near the crest of the
Cincinnati Arch, a broad anticline that separates
the deeper sedimentary basins in western Ken-
tucky (Illinois Basin) and eastern Kentucky (Ap-
palachian Basin). The arch developed in Middle
Ordovician time, and rock units deposited prior to
this time have been tilted to the west toward the II-
linois Basin. Rocks deposited from the Middle Or-
dovician and later were influenced to some extent
by the growing arch, but for the interval of interest
in this study, the arch had no effect on thickness
or lithology. The geologic formations at the Brown
site are shallower than the equivalent formations
in northern Kentucky at the Ghent and Trimble
County Stations.

The Brown station is located in the Wil-
more 7.5-minute quadrangle, and the geology of
this quadrangle was mapped by Cressman and
Hrabar (1970). The geologic map indicates the
plant is located on bedrock consisting of the Or-
dovician Lexington Limestone (Fig. 3-2). This for-
mation is primarily limestone with interbedded
shale. Since the plant site itself is not feasible for
CO, sequestration, Figure 3-2 includes the area to
the east where sequestration is possible, which is
in the Little Hickman quadrangle; the geology of
this quadrangle was mapped by Wolcott (1969). A
prominent feature in the Little Hickman quadran-
gle is the Kentucky River Fault Zone (Fig. 3-2). It
extends from the surface to Precambrian basement
rocks. The fault zone forms the western boundary
of the Rome Trough. At the basement level, there
is more than 2,700 ft of throw (offset) between the
upthrown (west) and downthrown (east) sides of
the fault. East of the fault zone, surface rocks are
of Ordovician age and consist of the Clays Ferry
Formation, Garrard Siltstone, and Calloway Creek
Limestone. The Clays Ferry Formation is pre-
dominantly shale with minor limestone, whereas
the Calloway Creek is mostly limestone with less
abundant shale. In lower elevations on both sides
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Figure 3-1. Location of the E.W. Brown Station in central Kentucky. Red circle is the 15-mi radius of the site. Locations of all
known wells are shown. Blue lines are mapped surface faults. The locations of the two geologic cross sections, A-A' and B-B',

are shown by the red lines. Reflection-seismic lines are indicated by small green circles (shotpoint locations).

of the fault zone, the deeper Tyrone Limestone of

Surface geology does not have a direct impact

the High Bridge Group is exposed. This formation on carbon sequestration potential, since CO, injec-

consists of thickly bedded, dense limestone.

tion will occur much deeper. However, surface ge-
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Figure 3-2. Geology of part of the Wilmore and Little Hickman 7.5-minute quadrangles (Cressman and Hrabar, 1970; Wolcott,
1969, respectively). The geology changes abruptly along the Kentucky River Fault Zone, the prominent line of faults that run
northeast-southwest across the area. This fault zone is downthrown to the east, and forms the western boundary of the Rome
Trough, a geologic basin that is deeper here than at the E.W. Brown site, in which CO, from the Brown station could be seques-
tered. The surface geology east of the fault zone consists of the Ordovician Clays Ferry Formation (Ocf), primarily shale with
minor interbedded limestones. The Kentucky River runs northwest-southeast across the map area, leaving Quaternary alluvium

(Qal) deposits along the valley bottom.

ology will have an impact on the design and im-
plementation of shallow groundwater monitoring
wells that will be required by the U.S. Environmen-
tal Protection Agency for an underground injection
permit. The UIC permit will likely require moni-
toring down to the base of the underground source
of drinking water, which may require drilling into
bedrock. However, the Upper and Middle Ordovi-
cian rocks at the surface east of the Kentucky River
Fault Zone may not be suitable for groundwa-
ter monitoring because of their low porosity and
permeability. Wolcott (1969) reported the occur-
rence of springs along faults, fractures, and above
a widespread bentonite (altered volcanic ash) bed
in the Tyrone Limestone that forms an imperme-

able layer. The presence of this relatively shallow
impermeable layer should be considered when
planning a monitoring program, because it could
prevent upward movement of CO, if leakage were
to occur. Monitoring wells may need to be drilled
deeper than this layer for effective monitoring.

Stratigraphy and Structure

The subsurface geology of the area around the
E.W. Brown Station varies dramatically on oppo-
site sides of the Kentucky River Fault Zone. Dis-
cussion will focus on the east (downthrown) side
of the fault, where sequestration is favored. We do
not believe carbon sequestration is feasible west of
the fault zone, such as at the Brown site, for two
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reasons. First, the Cambrian Mount Simon Sand-
stone is not present in this area, as indicated by
the Texaco No. 1 Sherrer well in Jessamine County
(within the 15-mi radius). This well drilled through
the Knox Supergroup and Eau Claire shale section,
and then into Precambrian basalt and the Middle
Run Formation. No Mount Simon Sandstone was
encountered. This well confirms that the Mount Si-
mon Sandstone was not deposited in central Ken-
tucky. Other studies have used data from seismic
lines outside the Mercer County area to map the
extent of the Mount Simon Sandstone across Ken-
tucky. Broader regional data show that the Mount
Simon is present in northern Kentucky, pinches
out toward the south, and is absent in central Ken-
tucky (Fig. 3-3) (Greb and Solis, 2010).

The second reason we believe sequestration
is not feasible at the station is that dolomites in
the Cambrian-Ordovician Knox Supergroup are
thought to be unsuitable. The basal part of the
Knox at the Brown station is deep enough for se-
questration, but the overlying seal is not deep
enough. Geologic storage of carbon dioxide is lim-
ited to depths greater than 2,500 ft below the sur-
face where CO, exists in the supercritical, or dense,
phase. In the Mercer County area, this 2,500-ft

100 Miles

25 S50

100 Kilometers

depth is in the lower part of the Knox (the Cop-
per Ridge Dolomite). Despite the depth and pos-
sibility for good porosity, CO, storage in the Knox
at the E.W. Brown site is not feasible because the
shale and limestone seals overlying the Knox occur
above 2,500 ft (the top of the Knox is interpreted to
be at a depth of about 750 ft at the Brown station).
With the top of the Knox and overlying seal so shal-
low, a concern is that if CO, were to migrate up-
ward through the Knox interval (along fractures),
it could rise well above 2,500-ft depth before being
trapped by the overlying seals. Above 2,500 ft, the
CO, phase would change from supercritical to gas,
resulting in a large volume and pressure increase.
If the permeability of the formation was not suf-
ficient to dissipate this pressure pulse, it could be
sufficient to fracture the rock and breach the reser-
voir.

Other geologic formations below the 2,500-ft
depth in the area west of the fault zone include
the Upper-Middle Cambrian Eau Claire Forma-
tion and the Precambrian Middle Run Formation.
These formations lack suitable porosity for storage
of CO, and thus have no sequestration potential.

East of the Kentucky River Fault Zone, the
deep geology is very different. Movement on this

Figure 3-3. Regional thickness of the Mount Simon Sandstone in Kentucky. This map indicates that the Mount Simon is present
in northern Kentucky (under the Ghent and Trimble County Stations), but is absent at the E.W. Brown Station in central Kentucky.
Interpretation based on seismic and well data. Contours in feet. From Greb and Solis (2010).
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fault in the Early to Middle Cambrian created a
deeper basin to the east (the Rome Trough), which
was filled with a thick package of sandstone and
shale that does not extend outside of the basin
(Rome Formation). These sandstones have good
porosity and are at depths of 4,500 to 5,500 ft. Al-
though in the same stratigraphic position as the
Mount Simon Sandstone in other parts of Ken-
tucky, the Rome Formation is older and not lat-
erally connected to the Mount Simon sandstones.
Figure 3-4 is a type geophysical log for the western
end of the Rome Trough, showing the stratigraph-
ic units in this area. Above the Rome Formation is
the Conasauga Group, roughly equivalent to the
Eau Claire Formation on the west side of the fault.
The Conasauga contains mostly shale with minor
limestone, and forms a seal above the Rome. These
units are discussed in more detail below.

Precambrian Rocks

The Precambrian basement rocks in the study
area are different on opposite sides of the Ken-
tucky River Fault Zone. On the west, outside of the
Rome Trough, Precambrian rocks include basalt (a
volcanic rock) and red sandstones assigned to the
Middle Run Formation. Both basalt and Middle
Run sandstones were drilled in the Texaco No. 1
Sherrer well in Jessamine County, 8 mi from the
E.W. Brown site. In this well, 600 ft of basalt over-
lies 2,000 ft of Middle Run sandstones. The Middle
Run consists of fine-grained, red lithic sandstones
and minor siltstone and shale. It was deposited in
nonmarine fluvial environments in a fault-bound-
ed rift basin (Drahovzal and others, 1992). The
sandstone is well cemented and lacks porosity and
permeability in this area. It has no potential for car-
bon sequestration in the study area.

East of the Kentucky River Fault Zone, in the
Rome Trough, Precambrian basement rocks consist
of metamorphic rocks of the Grenville Province.
Grenville rocks were encountered in three wells
in the Jessamine-Garrard-Madison County area.
These metamorphic rocks have no porosity and no
potential for carbon sequestration.

A structure map on the top of Precambrian
rocks is shown in Figure 3-5. This map is based
on the few wells that penetrate the Precambrian
surface in the area and the older seismic-reflection
data indicated. As such, it should be considered a

general representation of the structure of the area.
This map indicates that the depth to basement
is about 3,788 ft (-2,875 ft below sea level) at the
E.W. Brown Station. To the east, and across the
Kentucky River Fault Zone, Precambrian rocks are
much deeper because of displacement on the fault.
Basement rocks range from about -4,600 ft to about
-6,000 ft below sea level. The downthrown side of
the fault was filled with the Rome Formation and
Conasauga Group rocks. The Precambrian surface
in the trough deepens to the east, and is shallowest
against the fault.

Cambrian Mount

Simon Sandstone

The Mount Simon Sandstone, the proposed
injection zone at Trimble County and Ghent Sta-
tions, is absent in the area around the E.W. Brown
Station. The main injection zone in the area is the
Rome Formation, confined to the east side of the
Kentucky River Fault Zone.

Cambrian Basal Sandstone

and Rome Formation

East of the Kentucky River Fault Zone, a gra-
ben developed because of movement on the fault.
Sediment deposition was limited to this deeper
area, named the Rome Trough, with limited dep-
osition outside the trough. Initial deposition in the
trough was a sandstone informally referred to as
the basal sandstone. This sandstone is overlain by
the thicker Rome Formation. These two formations
differ somewhat in lithology, but for the purpos-
es of this study the two units are combined. Both
contain porous sandstones that could store CO,.
The basal sandstone directly overlies Precambrian
metamorphic rocks and is 200 to 300 ft thick in the
study area. It contains variable amounts of feld-
spar grains, which can cause a high gamma-ray
response, similar to shale. No core or core data
are available from the basal sandstone zone in the
study area.

Above the basal sandstone is the Rome For-
mation, a complex interval of sandstone, shale,
and thin limestones. Many of the sandstones in
the Rome are porous in the study area, and form
the proposed primary injection zone for CO,. The
Rome is commonly thinly bedded, with numerous
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Figure 3-4. Geophysical log for the Texaco No. 1 Wolfinbarger well drilled in Jessamine County, Ky. This well is located east of
the Kentucky River Fault Zone, in the Rome Trough. The potential CO, injection zone is in the Cambrian Rome Formation and
basal sandstone. The density-porosity log is shaded light blue in the Rome and basal sandstone intervals where porosity is
greater than 7 percent. The gamma-ray log on the left is shaded yellow where less than 80 API units (clean sandstone). Red line
in the left track is the caliper log (hole size), which is erratic in the Conasauga zone because of shale washout.
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Figure 3-5. Structure on top of the Precambrian basement surface. Solid blue lines are simplified traces of mapped basement
faults, and dashed blue lines are faults inferred from shallow geology, but offset is uncertain. Precambrian rocks are much shal-
lower on the west (upthrown) side of the Kentucky River Fault compared to the east, in the Rome Trough.

shale interbeds, as indicated on the gamma-ray stacked beds, separated by shale, rather than a
log (Fig. 3-4). Porous sandstones occur as multiple thick uniform reservoir.
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A structure-contour map on the top of the deepensaway from the Kentucky River Fault Zone
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Figure 3-6. Structure on top of the Cambrian Rome Formation. Contour interval is 250 ft. These rocks deepen to the southeast,
away from the Kentucky River Fault Zone. The structure indicates that injected CO, would migrate toward the fault zone and
likely be trapped by the fault zone.
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present, where buoyant fluids such as CO, would
migrate up toward the fault, and be trapped there.
Near the fault, where sequestration would likely
occur, the top of the Rome is at -3,600 to -3,700 ft
below sea level (4,600 to 4,700 ft below the surface).

The isopach map (Fig. 3-7) shows thinning of
the combined basal sand / Rome interval toward the
southwest. The gross thickness ranges from about
1,500 to 1,000 ft away from the fault. The thickness
of sandstone in this interval will be significantly
less because of abundant interbedded shale. This
map is based on limited data because so few wells
have penetrated the entire sequence.

Cambrian Conasauga Group

and Eau Claire Formation

The Cambrian Conasauga Group directly
overlies the Rome Formation in the Rome Trough,
and is partly equivalent to the Eau Claire Forma-
tion outside of the trough. The Conasauga is pre-
dominantly composed of green and gray marine
shale, with some interbedded limestones. The
Conasauga Group consists of several formations
defined by their lithology. In this area, three of
these formations are present, two are limestone-
dominated, and one is a thick shale. This shale (the
Nolichucky Shale) and the limestones form the pri-
mary confining zone above the Rome Formation.
Figure 3-4 shows the thickness of the Conasauga
interval. The erratic log response in the Conasauga
(particularly on the red caliper curve) is due to en-
larged borehole conditions caused by sloughing of
the shale during drilling.

Figure 3-8 is a structure map on the top of the
Conasauga and the equivalent Eau Claire Forma-
tion west of the Kentucky River Fault Zone. In the
Rome Trough it shows a general deepening to the
south and east. It is important to note the Cona-
sauga is below the 2,500 ft depth required to store
supercritical-phase CO,. This ensures that CO, will
remain in the dense phase at the level of the pri-
mary seal. Figure 3-9 is an isopach (thickness) map
of the Conasauga for only the Rome Trough area
east of the Kentucky River Fault Zone. The Cona-
sauga ranges from 800 to more than 1,100 ft thick,
indicating a large amount of impermeable rocks

immediately above the Rome/basal sandstone in-
jection zone.

Cambrian-Ordovician
Knox Supergroup

The Knox Supergroup is divided into an up-
per dolomite unit, the Beekmantown Dolomite,
and the lower Copper Ridge Dolomite, separated
by sandstone or a sandy dolomite unit (Rose Run
Sandstone) that is poorly developed in this area.
The Knox is 2,200 to 3,000 ft thick in the study area.
As discussed previously, the Knox is too shallow at
the E.W. Brown site for CO, sequestration. Much of
the Knox lies above the 2,500-ft depth limit for CO,
to be in a supercritical phase. The lower part of the
Knox (below 2,500 ft depth) is also not a potential
injection target, since the primary seal above the
Knox is above the phase change boundary for CO,.
Movement of CO, upward within the Knox would
result in a rapid phase change to gas, increasing
pressure significantly. This pressure pulse could
fracture the seal above the Knox, allowing CO, to
leak upward.

The Knox is the shallowest interval mapped
in this evaluation. Figure 3-10 is a structure map of
the top of the Knox. Because of its shallow depth,
more wells have been drilled to the top of the Knox
than to the deeper formations, and thus more data
are available for the Knox structure map. The Knox
deepens to the west and to the east, with the shal-
lowest area at the crest of the Cincinnati Arch (cen-
ter of the map, near the E.W. Brown Station).

The Knox contains scattered porous and per-
meable intervals separated by impermeable inter-
vals. It has injection potential in deeper parts of
Kentucky (such as at the KGS No. 1 Blan research
well in Hancock County), and was used as a haz-
ardous-waste injection zone at the DuPont chemi-
cal plant in Louisville. The top of the Knox is a re-
gional erosional unconformity that formed when
the Knox was uplifted above sea level during the
Early Ordovician. In this area, impermeable inter-
vals in the Knox would provide an additional con-
fining zone for CO, injected in deeper reservoirs
such as the Rome sandstones.
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Figure 3-8. Structure on top of the Cambrian Conasauga Group and equivalent Eau Claire Formation. Contour interval is 250 ft.
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Figure 3-9. Thickness of the Conasauga Group in the Rome Trough portion of the study area. Equivalent Eau Claire Formation
to the west is not included. Shale and limestones in this interval range from about 800 to more than 1,100 ft thick, providing a
seal for CO, injected into the Mount Simon Sandstone below.
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Figure 3-10. Structure on top of the Knox Supergroup. The top of the Knox is shallowest near the E.W. Brown Station (more than
300 ft above sea level) and deepens to the west away from the Cincinnati Arch and to the east across the Kentucky River Fault
Zone. The Knox is too shallow for CO, storage in this area. Contour interval is 100 ft.
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Wells Creek Dolomite,
Black River Group,
and Trenton Limestone

Overlying the Knox in this area are lime-
stones and dolomites in the Wells Creek Dolomite,
Trenton Limestone, and High Bridge (Black River)
Group, which together form a shallow second-
ary confining seal for CO, injected into the deeper
Rome and basal sandstone zones. These rocks are
composed of limestone, minor dolomite, and inter-
bedded shale. The interval typically has very low
porosity and permeability unless fractured. In the
Rome Trough area, these formations have a com-
bined thickness of 700 to 850 ft.

Deep Faults and Available
Seismic Data

Older 1970’s-vintage seismic data are avail-
able for the eastern part of the study area, east of
the Kentucky River Fault Zone. Locations of these
lines are shown on the various maps for which
the data were used. Selected depth and thickness
estimates from these lines were incorporated into
structure and isopach maps.

The E.W. Brown area has numerous faults
mapped at the surface. These are shown in blue on
Figure 3-1. The complex surface faults were simpli-
fied for use in making the structure maps. West of
the Kentucky River Fault Zone, numerous short en
echelon faults trend southeast-northwest through
the E.W. Brown site. These faults likely extend to
basement, but do not have an impact on poten-
tial sequestration since this area is too shallow for
CO, injection. The main fault zone of interest is the
Kentucky River Fault Zone, which runs east of the
E.W. Brown site, and forms the western boundary
of the Rome Trough. Structure maps indicate res-
ervoir strata dip away from these faults and will
form a lateral seal for CO, injected into the Rome
sandstones. Fortunately, there is good evidence
that these faults are sealed and will not transmit
CO,. Several wells drilled adjacent to the fault
zone found natural gas in the Rome sandstone
reservoirs. This gas was of low quality (not com-
mercial) but has unusually high levels of helium.
It appears to be trapped by the Kentucky River
Fault Zone, indicating the fault has good sealing

capability. Thus, the Kentucky River Fault Zone is
interpreted to have a low risk of leakage of injected
CO,, and provides a structural trap to contain CO,
in the area east of the faults. The helium found in
the Rome sandstone reservoirs is a potential eco-
nomic resource, and its future development could
create legal problems for CO, sequestration in the
area. Any sequestration project would need to be
designed to protect existing gas resources from
contamination by carbon dioxide.

Structural Cross Sections

Two subsurface correlation cross sections
were constructed from well logs to illustrate the
geology and structure around the E.W. Brown
Station. Locations of these sections are shown on
Figure 3-1. Section A-A' (Fig. 3-11) is oriented
northwest-southeast and crosses the Kentucky
River Fault Zone. The location of the Brown sta-
tion is shown for reference. This section shows the
basal sandstone and Rome Formation confined to
the east side of the Kentucky River Fault Zone, on
the downthrown side. This section also shows the
absence of deep sandstones west of the fault, and
how near Precambrian basement is to the 2,500-ft
supercritical CO, storage boundary.

Section B-B' (Fig. 3-12) is oriented northeast-
southwest, parallel to the Kentucky River Fault
Zone, but on the downthrown side. It includes data
from two wells that were drilled to Precambrian
basement and two wells that only penetrated the
upper part of the Rome Formation. This section il-
lustrates the depth, continuity, and porosity of the
reservoir sandstones and the thickness of the over-
lying Conasauga, Knox, and High Bridge Group/
Lexington Limestone confining zones.

Reservoir Quality and
Injection Zone Thickness

In order to calculate carbon sequestration ca-
pacity, the average porosity and thickness of the
storage zone are required. Since the geology is not
suitable for sequestration at the EZW. Brown Sta-
tion, we are proposing using sandstones in the
Rome Formation and basal sandstone east of the
Kentucky River Fault Zone, approximately 7 to
10 mi from the E.W. Brown Station. Figure 3-13
shows the area that was evaluated.
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Figure 3-11. Northwest-southeast regional structural cross section showing well logs for deep wells and the location of the E.W. Brown Station for reference. The proposed injection zone in the Rome Formation and basal sandstone is restricted to areas east of the Kentucky River Fault Zone.
Well logs include the gamma-ray and caliper in the left track, and density and neutron-porosity logs in the right track. The density-porosity log is shaded blue where porosity is greater than 7 percent in the Rome Formation and basal sandstone. The Conasauga Group (and equivalent Eau
Claire Formation) is the primary seal for the underlying Rome Formation and basal sandstone.



70 Chapter 3: E.W. Brown Station
O <8.29MI> O <5.03MI> O <9.73MI> O
Nqutron Porosity (4S)
Caliper 03 201 - - i Donsitv P
6 16 Caliper Photoelectric Caliper Density Pﬂ' (§S_ Caliper ensity or (§S_

Subsea S = T 6 16 o 10 6 16 0.3 -0.1 6 16 0.3 -0:1 Subsea
Depth(ft) 0 A ZS(IJO Oe;s e (6 h Gamma Ray Density Por (SS Gamma Ray Neutron Porosity Grou nd Elevation Gamma Ray | Neutron Porosit Depth(ft)
1050 - - — 0 200 03 o] 0 200 0.3 -0.1 200 0.3 -0.1 - 1050

| T -z ¥ — T
550 - 8 g E:_ ﬁ\\ ,r o 1= Lexington (Trenton) Limestoqei - 550
% = [«3n = L - " T . T )
o= 2 5 B | | ?} et 1] High Bridge (Black River) Gro‘up = e} §
Il - | |
| f o E& 1% ‘ ‘ I %g
50 - = _5 = ‘ ‘ ‘ Q ‘ ‘ & 3 E Wells Creek Dolomite b= — - 50
-450 - o _ o 8 = S - -450
= © [ 2 Q ry Ire) = Ire)
,‘i’ — 2 — [SEN ~ TS 11 =
AQ o =] I %: =
I _I= ] o < o =
-950 - B 8 = 8 — % S = N S B - -950
— N b o = [=] ==
= N — N = *-DO\ N
= 5 = = = Copper Ridg® =
1450 - ;} = = r o - Q “==#gnimum Depth Dense Phase C = = — 1450
AR fE T §EEERECSE
L = N = =
= & _ [ f 153
o 1 i o E
-1950 - i = = 58 S = 3 8 3 - 1950
R il = S - 3 = 3
3k Sl 1L ® i 3 E
I o 1 = |
-2450 - % % = o g‘-{ S = £ 8 - 2450
) ® 3 - i D 5 e
A T L I Group = -
= i o = ] — Conasauga
- - EXli S 7 ] 1 o =" o = - I
2950 = _)& S § S E=——- 8 — Kentucky Geological Survey 2950
£ ] - < - <
| . E. ~ ™ g p——— — LG&E-KU CO2 Sequestration Assessment
3450 - E - 8 o : ; . o = ':'__ o E. W. Brown Station 13450
%_) = S % — = - S Geologic Structure Cross Section B-B'
. - < - . = . = . = . X | <t = . = . ROme Fm‘ = . | < Sea Level Datum
o « e _e e N ] TOPS AND MARKERS
-3950 - S HOY 1 BURDETTE, A e—a—o q =5 = ~~~ Ground Elevation 3950
Ire) . 3 o —— Lexington (Trenton) Limestone
- Garrard . — Yo} ————  High Bridge (Black River) Group
KY d — \/: \}iVeIIsSCCr;eek Dolomite
o — nox SGp
- - 1l o o ————  Copper Ridge Dol .
4450 T 3 — — 8 — Mi:irpnum DZpth Dense Phase CO2 4450
= — A~ AAA — 0 3 ——— Conasauga Group
< — — ——— RomeFm
— Basal SS
-4950 - ROME O&G CO 1 FOSTER-MORROW UNIT TEXACO, INC 1 KIRBY i S ST Precambran -4950
L| nCOIn GARRARD o N-S cross section across the west end of
KY e ofthe Lawhton Faut Sysiem. Primary macion
KY TEXACO 1 WOLFIN BARG ER! target are the Rs’]om_e& basa‘i/sand'stone e;ys_t (if the
-5450 - JESSAMINE e o o ™ 2 |.5450
KY
HS=25000

PETRA 4/1/2011 2:17:26 PM (Brown cross sections.CST)

Figure 3-12. Northeast-southwest regional cross section showing well logs for deep wells drilled in the Rome Trough east of the Kentucky River Fault Zone. The proposed injection zone is the Rome Formation and basal sandstone, shaded yellow. The two wells on the left only penetrated the
top of the Rome Formation. Well logs include the gamma-ray and caliper in the left track, and density and neutron-porosity in the right track. The density-porosity log is shaded blue where porosity is greater than 7 percent in the Rome Formation and basal sandstone. The Conasauga Group
(and equivalent Eau Claire Formation) is the primary seal for the underlying Rome Formation and basal sandstone.
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Figure 3-13. Proposed sequestration target area within 10 mi of E.W. Brown Station. Yellow area has suitable reservoir and seals
less than 10 mi from Brown. The locations and thickness of net porous sandstone (ft) are shown for the six wells used in the
reservoir calculations. A plus symbol (+) indicates the well only partly penetrated the reservoir interval.

A limit of 10 mi from E-W. Brown was used
to define the potential sequestration area, which is
highlighted in yellow on the map. Reasonable esti-
mates for porosity and net injection-zone thickness
were calculated from six wells, and locations are
shown in Figure 3-13. Only one of these wells lies

within 10 mi of E.W. Brown, but four are located
within 15 mi.

Reservoir Porosity Estimates

Both geophysical well logs and porosity mea-
sured from core samples were used to estimate
porosity. Cores provide the most accurate porosity
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and permeability data because they are analyzed
directly in a laboratory. Porosity from well logs is
an indirect measurement, based on the density or
other rock properties measured with radioactive
devices. Core-measured porosity and permeability
data for the Rome Formation are available from a
single well (the Texas West Bay No. 1 Burdette in
Garrard County). Core data from this well are pre-
sented in Figures 3-14 and 3-15. The porosity and
permeability versus depth plots (Figs. 3-14a, b) also
include data from the Mount Simon Sandstone for
comparison (the reservoir at the Trimble County,
Ghent, and Mill Creek Stations). The Rome sand-
stone porosity and permeability data indicate
good reservoir quality. Average porosity is higher
(13.1 percent) than for the Mount Simon reservoir
(Fig. 3-14a), whereas permeabilities are similar
(Figs. 3-14b, 3-15).

Plotting porosity versus permeability illus-
trates the apparently positive correlation between
the two measurements (Fig. 3-15). This plot allows
a minimum porosity to be interpreted for sand-
stone with acceptable permeability for injection.
Because porosity can be measured with downhole
logs and permeability cannot, a porosity cutoff al-
lows the net thickness of rock with suitable poros-
ity and permeability for injection to be summed
from porosity geophysical-log data alone.

A minimum porosity of 7 percent was chosen
as the cutoff for the Rome interval in this area. This
was done for consistency with published Mount
Simon reservoir calculations (Medina and others,
2011), and because the core porosities are higher
than the log-derived porosities (discussed below).
The reason for this difference is not clear, and will
require additional study.

Core data were available for a 38-ft interval in
one well. Porosity (but not permeability) data are
also derived from geophysical well logs, especially
the bulk-density log. Logs provide a continuous
data set for the entire formation, but are not as ac-
curate as core data. A total of six wells with for-
mation bulk-density geophysical logs were used to
estimate sandstone porosity.

Calculation of Net Porous Sandstone
Once a porosity cutoff was chosen, the net

thickness of porous sandstone and average poros-

ity of sandstones above the cutoff were determined

for use in CO,-capacity calculations. Because the
Rome and basal sandstones contain abundant thin
shales and some clay-rich sandstones with poor
reservoir quality, only clean, shale-free sandstone
was included in the net-sandstone calculation. The
natural gamma-ray geophysical log is the best dis-
criminator of clay and shale, and a cutoff of 80 API
gamma-ray units was used to identify clean sand-
stone. Intervals with 80 API units or less were clas-
sified as sandstone.

A log analysis program (Petra) was used to
calculate the net feet of sandstone in each well with
a gamma-ray reading of less than 80 API units, and
sandstone density porosity greater than or equal to
7 percent. The results of the net-sandstone calcu-
lation are shown in Table 3-1. Average log poros-
ity and total porosity-feet (thickness of void space)
were also calculated. Gross thickness is the total
thickness of the Rome and basal sandstone, or the
feet penetrated in the well if a partial penetration.
Only two wells penetrated the entire Rome/basal
sandstone interval in the area. A net-to-gross sand-
stone ratio was also calculated for each well. The
net-to-gross sandstone ratio ranges from 0.09 to
0.28. Average log-derived porosity of the net sand-
stone interval ranges from 8.6 to 11.5 percent.

Table 3-1 also includes data estimated from
averages of the six wells for use in the capacity cal-
culation. The gross thickness is the average of the
two wells that fully penetrated the interval. The
net-to-gross sandstone ratio is the average of the
six wells. This ratio (0.2) gives an estimated net po-
rous sandstone thickness of 312 ft. The average po-
rosity of 9.6 percent was rounded up to 10 percent
for the capacity calculation.

CO, Capacity Calculations

Using the compiled and calculated data, CO,
storage-volume calculations were made. CO, stor-
age capacity is based on the porosity, thickness, and
area of the injection zone and density of the inject-
ed CO,. CO, density is a function of reservoir pres-
sure and temperature. The Rome interval is deep
enough for supercritical-phase CO, injection in the
area east of the EZW. Brown Station. CO,-density
calculations were made using the CO, properties
calculator at the MIDCARB project Web site: www.
midcarb.org/calculators.shtml. The Midcontinent
Interactive Digital Carbon Atlas and Relational
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Figure 3-14a. Core porosity versus depth below the surface for Rome sandstones (circles). Data from the Mount Simon Sand-
stone in northern Kentucky and Louisville are included for comparison. Average core porosity for the Rome sandstones is 13.1
percent, and is higher than for the Mount Simon Sandstone cores.
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Figure 3-14b. Core permeability versus depth below surface for Rome Formation sandstones (circles). Data from the Mount
Simon Sandstone in northern Kentucky and Louisville are included for comparison. Permeability in the Rome is variable, but is

comparable with that of the Mount Simon in northern Kentucky. Average permeability for the Rome sandstone core is 56 md.
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Sandstone in northern Kentucky and Louisville are included for comparison. Porosity in the Rome is higher than in the Mount

Simon in northern Kentucky, whereas permeability is similar.

dataBase was a research consortium composed of Reservoir pressure: assumed hydrostatic and calcu-

the state geological surveys of Illinois, Indiana,
Kansas, Kentucky, and Ohio, funded by the U.S.
Department of Energy.
Calculated CO, density is shown in Table 3-2.
These parameters are required to calculate
CO, storage capacity:

Temperature:

lated at 0.433 psi/ft for the res-
ervoir depth

taken from well-log data in
Garrard and Jessamine Coun-
ties
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Table 3-1. Rome and basal sandstone reservoir data.
Average Gross Full or Net Porous Net-to-Gross Average
Well Data Depth Thickness Partial Sandstone Ratio Porosity Porosity-Feet
(ft) (ft) Interval (ft) (%)
Texaco Perkins 5,500 1,633 full 312.5 0.19 9.40 29.3
Texaco Wolfinbarger 5,100 1,489 full 418.0 0.28 9.50 39.5
Clinton Oil Hale 5,100 937 partial 87.0 0.09 9.20 7.9
Texaco Kirby 5,000 842 partial 128.0 0.15 8.60 11.0
Hoy Burdette 4,800 184 partial 50.5 0.27 11.50 5.8
Rome Oil Foster- 5,600 380 partial 85.5 0.23 9.40 8.0
Morrow
Average 5,183 - - - 0.20 9.60 -
Calculated Data
Estimate for Capacity | = g 5, 1,561 312.0 0.20 10.0 31.2
Calculation
Table 3-2. Calculated CO, density at reservoir conditions.
Site Reservoir Pressure | Reservoir Temperature CO, Density CO, Density
(psi) (°F) (Ib/fE) (kg/m7’)
E.W. Brown 2,200 110 47.3 758.3

Reservoir thickness: the net porous sandstone thick-
ness as calculated above
standard area of 100 acres

the average porosity for the net
reservoir footage

Reservoir area:
Reservoir porosity:

The equation for CO, storage capacity was

modified from Medina and others (2011):
SC=A *h *® *p_ *¢ /1,000

where SC is the storage capacity in metric tons, A_
is the area in square meters, h_is the net reservoir
thickness, @ _is the average porosity of the net res-
ervoir, p.., is the density of CO, at reservoir con-
ditions, and ¢ is the storage efficiency factor (dis-
cussed below).

The reservoir parameters used and CO, ca-
pacities calculated are shown in Table 3-3.

Efficiency of CO, Storage

The storage-capacity equation used above in-
cludes an efficiency factor, which reduces the CO,
storage capacity. This factor is applied because
100 percent of the available pore volume is never
completely saturated with CO, because of the fluid
characteristics and geologic variability within the
reservoir.

Litynski and others (2010) calculated efficien-
cy factors for carbon storage in various reservoir
types that account for factors that reduce the vol-
ume of CO, that can be stored. These factors in-
clude:

Geologic Factors
* Net-to-total area ratio of a basin suitable for se-
questration

storage efficiency.

Table 3-3. Reservoir parameters and calculated CO, storage capacity for a 100-acre area at 100 percent and 14 percent

100-Acre | Net R ir | Net R | Porosity | €0 | “aSa0n ™ | Storage | CO:TRe
Site -Acre et Reservoir | Net Reservoir orosity Density at 100% Efficiency at 14%
Area (m?) | Thickness (ft) | Thickness (m) (%) 3 Efficiency Efficiency
(kg/m3) . Factor .
(metric tons) (metric tons)
E.W. Brown | 404,686 312 95.1 10 758.31 2,918,344 0.14 408,568
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* Net-to-gross thickness ratio of a reservoir that
meets minimum porosity and permeability re-
quirements

* Ratio of effective to total porosity (fraction of
connected pores)

Displacement Factors

* Areal displacement efficiency: area around a
well that can be contacted by CO,

* Vertical displacement efficiency: fraction of
vertical thickness that will be contacted by CO,

* Gravity: fraction of reservoir not contacted by
CO, due to buoyancy effects

* Displacement efficiency: portion of pore vol-
ume that can be filled by CO, due to irreducible
water saturation

Combining all of these factors, using a Monte
Carlo simulation, results in a probability range of
total efficiency factors of 0.51 to 5.4 percent (P, to
P,, range) (Litynski and others, 2010). For the pur-
poses of this assessment, the geologic factors are
known and thus equal to 1. In our 100-acre evalu-
ation unit, the net-to-total area is the same, the
net-to-gross thickness has already been calculated,
and for clastic reservoirs (sandstones) we can as-
sume that the porosity is well connected with a
ratio of effective (connected) porosity to total po-
rosity equal to 1. Litynski and others (2010) calcu-
lated efficiency factors for the displacement factors
separately, and for sandstone reservoirs they range
from 7.4 to 24 percent, with a P, (most likely) ef-
ficiency factor of 14 percent. This means the most
likely case is that 14 percent of the pore space can
be filled with CO,. The range of storage volumes
using the probabilistic efficiency factors for the
E.W. Brown site is shown in Table 3-4.

The application of an efficiency factor signifi-
cantly reduces the storage capacities, but is neces-
sary to estimate storage volume.

Summary
The E.W. Brown Station is located in an area
where geologic sequestration is not feasible di-

Chapter 3: E.W. Brown Station

rectly below the plant site because of the absence
of porous reservoirs at depths necessary for su-
percritical-phase CO, storage. However, an area 7
to 10 mi east of the Brown station is suitable for
geologic sequestration in deep sandstones of the
Rome Formation. Use of this area would require
transporting compressed CO, from the Brown sta-
tion by pipeline. This area, east of a major fault
zone, has excellent confinement for injected CO,
provided by the 1,000-ft-thick Conasauga Group.
In addition, this area provides a structural trap
for injected CO, against the Kentucky River Fault
Zone. Injected CO, would migrate a short distance
to the west toward the fault zone, which forms a
lateral barrier to further migration. The fault has a
low risk of leakage because oil and gas exploration
wells have encountered natural gas trapped in the
Rome sandstones against the fault.

Geologic data for this area are good, with nu-
merous wells in the reservoir and one core of the
reservoir rock. Additional seismic data will be nec-
essary to better define the specific area chosen for a
demonstration project. Existing seismic data are of
poor quality, and limited in extent.

One problem with using this area for seques-
tration is a potential conflict with oil and gas min-
eral owners. Natural gas has been found in wells
in the area, but is high in nitrogen and has too little
methane for commercial production. However,
several wells contain gas with anomalously high
levels of helium (up to 2 percent). This potential
helium resource has been known since the 1970’s,
but has not been commercially developed. Rising
prices for helium may generate interest in this area
to develop the helium resource. Obviously, injec-
tion of CO, into a reservoir with potentially eco-
nomic resources would contaminate the helium.
These potential issues will have to be resolved
before sequestration begins. It may be possible to
identify deeper reservoirs for CO, sequestration
that do not affect potential gas resources.

Because the sequestration target for the E.W.
Brown Station is offsite, total site capacity will

and others, 2010).

Table 3-4. Range of probabilistic storage volumes using DOE'’s displacement efficiency factors for clastic reservoirs (Litynski

Minimum Volume (metric

Site tons/100 acres) ¢ = 7.4% (P,,)

Most Likely Volume (metric
tons/100 acres) ¢ = 14% (P,,)

Maximum Volume (metric
tons/100 acres) ¢ = 24% (P,,)

E.W. Brown Station

215,957

408,568 700,403
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depend on the size of the property leased for the
storage project. For comparison with the other,
larger sites (Ghent and Trimble County), we have
assumed that an area of 2,000 acres will be used
(Table 3-5). A site of this size near the E.W. Brown
Station would allow 8.2 million tons of CO, to be
stored.
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E.W. Brown 4,086
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Chapter 4: Geologic CO, Sequestration Potential of the
LG&E-KU Mill Creek Station, West-Central Kentucky

LG&E-KU CO, Sequestration Geologic Summary Sheet

Power Plant: Mill Creek County: Jefferson

Data Quality:
Distance to nearest well control in reservoir:

Wells to primary injection zone within 15-mi radius:

Distance to nearest core in injection zone:

Distance to nearest good-quality seismic control:

Reservoirs:

Primary injection zone:
Rock type:
Drilling depth at plant site:
Trapping mechanism:
Maximum reservoir pressure:
Reservoir temperature:
Salinity of reservoir fluid:
Reservoir thickness (gross/net):
Average porosity:
Average permeability:

Secondary injection zone:

Confinement and Integrity:

Primary confining zone:
Rock type:
Thickness of primary confining zone:
Height above primary injection zone:

Well penetrations of primary seal within

15-mi radius:
Secondary confining zone:
Rock type:

Thickness of secondary confining zone:

Height above primary injection zone:

Well penetrations of secondary seal within

15-mi radius:

Number of faults cutting primary seal within

15-mi radius:
Distance to nearest mapped fault:

Storage Capacity:

Calculated CQO, storage capacity, primary injection zone:

Geologic Basin: Cincinnati Arch

12 mi
1

12 mi
11 mi

Cambrian Mount Simon Sandstone
sandstone (quartzarenite)

5,600 ft

regional dip (capillary and solution trapping)
2,800 psi (hydrostatic)

116°F

200,000 ppm (estimated)

470/70 ft

8 percent

8 md

none at this site

Cambrian Eau Claire Shale
shale and dolomite

900 ft
0 (overlies injection zone)

2

Ordovician Black River/Trenton Limestone
limestone

575 ft

4,500 ft

12

2
5 mi

563,583 metric tons/100 acres

(assuming 100 percent efficiency);

78,902 metric tons/100 acres (at 14 percent
efficiency)

Data compiled and interpreted from well records maintained by the Kentucky Geological Survey.
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Introduction

Geologic CO, sequestration potential was
evaluated for an area surrounding the LG&E-KU
Mill Creek power-generation station in Jefferson
County, Ky. A circular area with a 15-mi radius
around the plant was defined as the primary focus
of the evaluation, but data from beyond 15 mi were
also used because of limited data within the pri-
mary area. The 15-mi buffer includes parts of Har-
rison and Floyd Counties, Ind., as well as Jefferson,
Meade, and Bullitt Counties in Kentucky. An in-
dex map is included in Figure 4-1, which shows the
locations of well data, faulting, and geologic cross
sections.

The following data were compiled for the
evaluation:

1. The 7.5-minute topographic and geologic
quadrangle maps for the Valley Station
and Kosmosdale quadrangles

2. Locations of all petroleum-exploration
and waste-disposal wells penetrating the
Cambrian-Ordovician Knox Group or
deeper (Kentucky and Indiana Geological
Surveys)

3. Formation tops for geologic units from the
top of the Ordovician to the Precambrian
(Kentucky and Indiana Geological Sur-
veys)

4. Available digital geophysical logs for
Knox and deeper wells (Kentucky and In-
diana Geological Surveys)

5. Core analyses (porosity and permeabil-
ity) for the Mount Simon Sandstone, Knox
Group, and Eau Claire Formation

6. Reflection-seismic data

Within the 15-mi radius around the Mill Creek
Station, one well has been drilled that penetrates
the entire Paleozoic sequence, bottoming in Pre-
cambrian rocks. The well was drilled as a Class 1
hazardous-waste disposal well at the E.I. DuPont
plant in Louisville, 12 mi northeast of Mill Creek.
This well tested the injectivity of the Cambrian
Mount Simon Sandstone, but because of low per-
meability, waste-disposal injection was confined to
the Knox Dolomite interval. Two other wells were
drilled on the DuPont property; both only went
to the Knox—one of these was an injection well,
the other an observation well. These wells provide

key geologic data used in this assessment. A total
of 13 wells have been drilled to 2,500 ft or deeper
within the 15-mi area. Most are saltwater-disposal
wells associated with the Laconia Gas Field (New
Albany Shale reservoir) in Indiana.

There are numerous abandoned shallow wells
near the Mill Creek site associated with the Mead-
ow Gas Field (southwestern Jefferson County and
adjacent Bullitt County) (Fig. 4-1). This field pro-
duced gas for domestic use from the New Albany
Shale at around 250 ft, and was drilled in the early
1900’s. There is no current production from this
field, and records are scarce (Kepferle, 1972).

In Meade County to the west, two shallow gas
fields, Doe Run and Muldraugh, have been con-
verted to gas storage fields. These fields produced
from several shallow reservoirs, including the De-
vonian New Albany Shale, Devonian Jeffersonville
Limestone, and Silurian Laurel Dolomite. Both of
these fields lie within a 15-mi radius of the Mill
Creek Station, but are shallow enough that they
will have no impact on deeper CO, storage opera-
tions. In addition, they both occur downdip from
Mill Creek, opposite the direction of likely CO, mi-
gration.

More recently in Meade County, in the south-
western part of the study area, numerous wells
have been drilled to the Devonian New Albany
Shale and underlying carbonates for natural gas.
These wells are typically less than 1,000 ft deep,
and are shown as the large gas field in southern
Meade County on Figure 4-1. This gas production
is too shallow to affect deeper injection of CO, at
Mill Creek.

Other deep wells are located to the northeast
and southwest, but lie outside the 15-mi radius.
Wells to the northeast were used in the evalua-
tions of the Trimble County and Ghent Stations
(see chapter 1). These include two wells drilled in
Switzerland County, Ind., by Ashland Oil. In 2009,
a CO, injection test well was drilled by Battelle
Memorial Institute at the Duke Energy East Bend
Station in Boone County, Ky., as part of the U.S.
DOE-funded Midwest Regional Carbon Seques-
tration Partnership (www.mrcsp.org). This well,
82 mi from Mill Creek, was drilled to test the Cam-
brian Mount Simon Sandstone, the same potential
reservoir zone that underlies Mill Creek. Data from
this well were available for this evaluation, but the
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distance from Mill Creek and difference in depth and thus they provide no data for that formation
limit their applicability to this evaluation. at Mill Creek. The deep well in Hancock County

To the southwest, two Precambrian wells are was drilled by the Kentucky Consortium for Car-
located 42 to 46 mi from Mill Creek, in Breckin- bon Storage (Kentucky Geological Survey and
ridge and Hancock Counties. In both of these wells  partners). This well was a CO, sequestration test
the Cambrian Mount Simon Sandstone is absent, of the Knox Group, and numerous cores, seismic
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data, and logs from it are available. The Precam-
brian well in Breckinridge County was an unsuc-
cessful oil and gas exploration well, and only logs
are available (no core).

Geologic Setting and
Surface Geology

Jefferson County lies on the west flank of
the Cincinnati Arch, a broad anticline (arch) that
separates the deeper sedimentary basins in west-
ern Kentucky (Illinois Basin) and eastern Kentucky
(Appalachian Basin). The arch developed in Middle
Ordovician time, and rock units deposited prior to
this time have been tilted to the west toward the II-
linois Basin. Rocks deposited from the Middle Or-
dovician and later were influenced to some extent
by the growing arch, but for the interval of interest
in this study the arch had no effect on thickness or
lithology.

The Mill Creek Station is located in the Kos-
mosdale 7.5-minute quadrangle, and Kepferle
(1972) mapped the geology of this quadrangle. The
Mill Creek power plant is located on unconsolidat-
ed sediments in a broad alluvial valley along the
Ohio River (Fig. 4-2). Sediments underlying the riv-
er valley are Quaternary-age (Holocene) alluvium
and Pleistocene glacial outwash deposits. Bedrock
is exposed in the hills and bluffs to the east. Bed-
rock consists of Mississippian siltstones and shales
of the Borden Group, with hills capped by the Mis-
sissippian Harrodsburg and Salem Limestones.

Surface geology does not have a direct impact
on carbon sequestration potential, since CO, in-
jection will occur much deeper. The New Albany
Shale and New Providence Shale are too shallow
to form effective seals, and crop out about 10 mi to
the east of Mill Creek. Deeper Upper Ordovician
shales (500 to 1,000 ft deep) would serve as po-
tential secondary confining layers in the unlikely
event CO, were to migrate through the deeper pri-
mary seals.

The surface geology will impact the design
and implementation of shallow groundwater mon-
itoring wells that will be required by the U.S. EPA
for an underground injection permit. The presence
of unconsolidated alluvial sediments and glacial
outwash along the Ohio River at the Mill Creek site
allows relatively inexpensive construction of mon-
itoring wells that will yield good water flows. The

UIC permit will likely require monitoring down
to the base of the underground source of drinking
water, which may require drilling into Mississip-
pian bedrock.

Stratigraphy and Structure

Geologic storage of carbon dioxide is confined
to depths greater than 2,500 ft below the surface so
that CO, exists in the supercritical, or dense, phase.
Supercritical CO, has properties of both a liquid
and a gas, but much higher density. In the Jeffer-
son County area, this 2,500-ft depth falls within the
Cambrian-Ordovician Knox Group. Geologic for-
mations below 2,500 ft in this area include the basal
part of the Knox, the Upper-Middle Cambrian Eau
Claire Formation, the Middle Cambrian Mount Si-
mon Sandstone, and Precambrian igneous rocks
(see Figure 4-3). These formations are briefly de-
scribed below, from oldest to youngest.

Precambrian Rocks

The Precambrian basement in the study area
consists of igneous rocks. A core of gabbro was re-
covered from the DuPont No. 1 WAD well in Jef-
ferson County, 12 mi northeast of Mill Creek. Maps
by the Cincinnati Arch Consortium show that
these igneous rocks continue to the southwest be-
low Mill Creek (Drahovzal and others, 1992). The
Louisville area is situated on an uplifted block of
igneous rocks, unlike the sedimentary Middle Run
Formation found at Trimble County and Ghent
Stations. Precambrian rocks dip to the southwest in
the study area, consistent with the trend of the Cin-
cinnati Arch (Fig. 4-4). The structure map shown in
Figure 4-4 is based on the few wells that penetrate
the Precambrian surface in the area, and one seis-
mic line. As such, it should be considered a gen-
eral representation of the structure of the area. This
map indicates that the depth to basement is 6,255 ft
(-5,800 ft below sea level) at the Mill Creek Station.
This would be the maximum depth required for an
injection well in the overlying Mount Simon Sand-
stone.

Cambrian Mount Simon Sandstone

The Cambrian Mount Simon Sandstone un-
conformably overlies Precambrian igneous rocks
in most of the study area. The Mount Simon is pre-
dominantly quartz-rich, and because of its depth
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Figure 4-3. Geophysical log for the E.l. DuPont No. 1 WAD well in Jefferson County, Ky. Cored intervals are marked on the right
edge of the depth column. The potential CO, injection zone is the Mount Simon Sandstone (yellow). The density-porosity log
is shaded blue in the Mount Simon interval where porosity is greater than 7 percent, and the gamma-ray log is shaded yellow
in the Mount Simon where less than 80 units (clean sandstone). Porosity in the Mount Simon is not well developed in this well.

will be the primary CO, injection zone in the Mill
Creek area. The Mount Simon has been penetrated
in one well in the study area. Cores from the Mount
Simon Sandstone are available from this well (the
DuPont waste injection well in Louisville). Poros-
ity and permeability data derived from these cores
are described further in Reservoir Quality and In-
jection Zone Thickness.

Other studies have used data from seismic
lines outside this study area to map the extent of
the Mount Simon Sandstone across Kentucky. The

broader regional data show that the Mount Simon
thickens to the north and northwest, and pinches
out toward the south (Fig. 4-5) (Greb and Solis,
2010). The Mount Simon Sandstone is not present
in much of southern Kentucky. This regional data,
and the more detailed maps made for this study,
show that the Mount Simon Sandstone is thinner at
the Mill Creek site than at the DuPont well, 12 mi
to the northeast.

The Mount Simon Sandstone is 748 ft thick in
the DuPont well in Louisville, and the formation
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Figure 4-4. Structure on the top of Precambrian basement. The Precambrian surface deepens to the southwest, and is estimated
to be at —5,800 ft below sea level at Mill Creek. Inferred deep faults trend northeast-southwest to the northeast and southwest
of Mill Creek.

top is at 5,098 ft below the surface (4,633 ft below
sea level). Using available well data and reflection-
seismic lines from the area, structure and thick-
ness maps for the Mount Simon were constructed.
Figure 4-6 is a structure-contour map on the top
of the Mount Simon Sandstone. It shows depth in-

creasing to the south and southwest. The top of the
Mount Simon is estimated to be 5,785 ft (-5,330 ft
below sea level) at Mill Creek.

The isopach (thickness) map (Fig. 4-7) shows
thinning of the Mount Simon Sandstone toward
the south. Its thickness is estimated to be 470 ft at
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Figure 4-5. Regional thickness of the Mount Simon Sandstone in Kentucky. The formation is present along the Ohio River Val-
ley in northern Kentucky and thins to the south. It is absent in much of western and southern Kentucky. Interpretation based on
seismic and well data. Contours in feet. From Greb and Solis (2010).

Mill Creek. The isopach map was interpreted from
nearby well data and using the zero thickness line
on the regional map.

Cambrian Eau Claire Formation

The Eau Claire Formation directly overlies
the Mount Simon Sandstone and is predominant-
ly composed of green and gray marine shale with
some interbedded dolomite. The Eau Claire was
cored in the DuPont No. 1 WAD well in Louisville,
from 4,409 to 4,459 and 4,842 to 4,871 ft. The Eau
Claire has very low porosity and permeability and
is the primary confining layer (seal) for CO, inject-
ed into the Mount Simon below.

Figure 4-8 is a structure-contour map on the
top of the Eau Claire Formation. The Eau Claire
deepens to the southwest into the deeper parts
of the Illinois Basin. The top is projected to be at
4,880 ft (-4,425 ft subsea) at the Mill Creek site. The
top of this confining layer is well below the mini-
mum depth for supercritical CO,.

Figure 4-9 is an isopach (thickness) map of the
Eau Claire. The Eau Claire Formation thickens to
the south, and is projected to be 905 ft thick at Mill
Creek. This is about 300 ft thicker than at the Du-
Pont No. 1 WAD well. As the Mount Simon Sand-

stone thins to the south, the Eau Claire thickens —
the combined interval is relatively consistent. This
map indicates there is an adequate thickness of
impermeable rocks immediately above the Mount
Simon injection zone to serve as a seal.

Cambrian-Ordovician Knox Group

The Knox Group is divided into an upper
dolomite unit, the Beekmantown Dolomite, and
the lower Copper Ridge Dolomite, separated by
sandstone or a sandy dolomite unit (Rose Run
Sandstone) that is poorly developed in this area.
The Knox is approximately 2,800 ft thick in the
study area. The Knox contains scattered porous
and permeable intervals separated by imperme-
able dolomite. It has injection potential in deeper
parts of Kentucky (such as at the KGS No. 1 Blan
research well in Hancock County), and was used
as a hazardous-waste injection zone at the DuPont
chemical plant in Louisville. Porous zones in the
Knox have also been used for natural gas storage
by LG&E northeast of the study area, in Grant and
Oldham Counties (Ballardsville and Eagle Creek
storage fields). The top of the Knox is a regional
erosional unconformity that formed when the
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Figure 4-6. Structure on top of the Cambrian Mount Simon Sandstone around the Mill Creek Station. This unit deepens to the
southwest. Contour interval is 100 ft. The dashed line in the southwest corner of the map is the pinchout of the Mount Simon

interval from the regional thickness map (Fig. 4-5).

Knox was uplifted above sea level during the Early
Ordovician.

In the study area, the upper third of the Knox
lies above the 2,500-ft depth limit for CO, to exist in
the supercritical phase. The lower part of the Knox
(below 2,500 ft depth) is not a potential injection
target, since the primary seal (containment zone)

above the top of the Knox is well above the 2,500-ft
depth required to keep CO, in a supercritical phase.

The Knox is the shallowest interval mapped
in this evaluation. Figure 4-10 is a structure map
on the top of the Knox. Many more wells have been
drilled to the top of the Knox than to the deeper
formations, and thus more well data are available
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Figure 4-7. Thickness of the Cambrian Mount Simon Sandstone near Mill Creek Station. Contour interval is 50 ft. The Mount
Simon thins to the south. The Mount Simon is interpreted to pinch out at the zero contour line (southwestern corner). This inter-
pretation is based on data from several older seismic lines, and should be regarded as approximate.

for the Knox structure map than for other maps. Ordovician Dutchtown Formation

The Knox deepens to the west, with the projected gnd Joachim Dolomite

top of the Knox at about 1,915 ft below surface The Dutchtown Formation and Joachim Do-

(-1,460 ft subsea) at Mill Creek. lomite are dolomite intervals that contain variable
amounts of shale and overlie the Knox unconfor-
mity. They are equivalent to the Wells Creek Do-
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Figure 4-8. Structure on top of the Cambrian Eau Claire Formation. Contour interval is 100 ft. The structure deepens to the
southwest, and the top of the Eau Claire is 4,880 ft below surface (—4,425 ft below sea level) at Mill Creek.

lomite in Ohio, and are partly gradational with
the St. Peter Sandstone. They generally have low
porosity and permeability. They would provide
additional confinement for CO, injected in deeper
zones. These formations were not mapped in de-
tail.

Ordovician Black River Group

and Trenton Limestone

The Trenton Limestone and Black River
Group together form a shallow secondary confin-
ing zone (seal) for CO, injected into the deeper
Mount Simon Sandstone. These rocks are com-
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Figure 4-9. Thickness of the Eau Claire Formation. Contour interval is 50 ft. Shale and minor dolomite in this formation are more
than 900 ft thick at Mill Creek, providing a good seal for CO, injected into the Mount Simon Sandstone below.

posed of limestone, minor dolomite, and inter-
bedded shale. The interval typically has very low
porosity and permeability unless fractured. In the
DuPont No. 1 WAD well, these formations have a
combined thickness of 572 ft. At Mill Creek, the top
of the Trenton Limestone is at 1,200 ft below the
surface (-745 subsea).

Ordovician Maquoketa Shale

The shallowest interval mapped in the Mill
Creek area is the Upper Ordovician Maquoketa
Shale. This interval was not mapped in the Trimble
County and Ghent areas (chapter 1) because it was
very close to the surface. In the Mill Creek area it
is deeper, and could serve as another confining
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Figure 4-10. Structure on the top of the Knox Group. Contour interval is 100 ft. The top of the Knox is a regional erosional sur-
face, and the structure deepens to the west toward the lllinois Basin. The upper part of the Knox is too shallow for carbon storage

in this area.

interval. It overlies the Trenton Limestone. In the
DuPont No. 1 WAD well, the top of the Maquoketa
is 437 ft below the surface (28 ft above sea level)
and is 565 ft thick. The Maquoketa thickens to the
south and is interpreted to be 625 ft thick at the
Mill Creek site. Figure 4-11 is a thickness map of
the Maquoketa Shale interval at Mill Creek.

Cross Sections

Two regional cross sections were constructed
using geophysical well logs. Interpreted interval
tops at the Mill Creek and Trimble County Sta-
tions were included on the sections for reference
(Fig. 4-12). Section A-A' (Fig. 4-13) is a north-south
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Figure 4-11. Thickness of the Maquoketa Shale. Contour interval is 50 ft.

line from southern Indiana through the DuPont Deep Faults and Available
well and Mill Creek location. Section B-B' (Fig. 4-14) Seismic Data

is a southwest-northeast section. These sections il- I _
lustrate the structure and stratigraphic variations _ Seismic data available for the study area are
primarily outside the 15-mi radius around Mill

across the study area, including the thinning of the y : Vi
Mount Simon Sandstone from north to south. Creek. Figure 4-12 shows the locations of seismic
lines used in the study —only one line is located

within the 15-mi radius. These lines were used as
control data for the structure and thickness maps
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Figure 4-12. Locations of two structural cross sections, A—A' (Fig. 4-13) and B-B' (Fig. 4-14). Both sections include the DuPont
waste-disposal well in Louisville and the interpreted geology at the Mill Creek site. Seismic lines used in the evaluation are
shown by the lines of overlapping colored circles (shotpoint locations). Deep faults are shown by the solid dark gray lines.

Breckinridge
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=

discussed previously. Seismic data quality varies southern Indiana and central Kentucky. The clos-
significantly, from very new, high-quality data est seismic line to Mill Creek is an east-west line
around the KGS Blan well, to older data from that extends to the west from near the DulPont well
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Figure 4-13. Cross section A—A' runs north-south through the Mill Creek property. The Mount Simon Sandstone thins to the south (right).
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Figure 4-14. Cross section B-B' runs from the KGS No. 1 Blan well on the southwest (left) to the Trimble County Station on the northeast (right).
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in Louisville, across Floyd, Harrison, and Craw-
ford Counties, Ind. This line shows some deep
faulting in the Precambrian section, but none that
penetrates the younger Paleozoic rocks where se-
questration would occur.

There is some faulting in the Mill Creek area.
Figure 4-12 shows several deep fault trends that ex-
tend to basement level. The dashed faults on this
map are inferred; data suggest there may be faults
present, but they have not been imaged on seismic
data or mapped at the surface. Southwest of Mill
Creek, a northeast-trending fault extends part way
into the 15-mi area. This fault could extend closer
to the Mill Creek property, but there are no seismic
data available to determine this.

Reservoir Quality and
Injection Zone Thickness

In order to calculate carbon sequestration ca-
pacity, the average porosity and thickness of the
storage zone is required. Since there are no wells
drilled to the Mount Simon Sandstone at the Mill
Creek site, we must calculate reasonable estimates
for porosity and net injection zone thickness from
nearby well control. Data from the DuPont No. 1
WAD well are helpful, since good well logs and
some core data are available from this well.

Regional Porosity Trends

As with many sandstones, porosity in the
Mount Simon Sandstone decreases with increasing
burial depth. This is primarily because of cementa-
tion and compaction, and is a result of increased
temperature, pressure, and the amount of time the
rocks have been buried. A substantial set of Mount
Simon porosity and permeability data from across
the Midwest has been published by Medina and
others (2011). Their cross-plots of porosity versus
depth established a general correlation between
porosity and depth. They found a dramatic de-
crease in porosity at depths below 7,000 ft. This
depth generally corresponds to a porosity value of
7 percent, although there is significant variability
in the data.

At Trimble County and Ghent (chapter 1),
porosity varies significantly in the Mount Simon,
and they correlated with burial depth (Fig. 4-15).
The DuPont No. 1 WAD well in Louisville was
drilled to more than 6,000 ft to test the Mount Si-

mon for hazardous-waste injection. Initial injection
tests determined it lacked sufficient porosity and
permeability for commercial waste disposal. An al-
ternate zone in the shallower Knox Dolomite was
eventually used as the injection zone. The average
depth of the Mount Simon in the DuPont well is
5,600 ft, and the average log-derived sandstone po-
rosity is 6.5 percent. The regional depth/porosity
correlation proposed by Medina and others (2011)
suggests that the Mount Simon should have about
8.4 percent porosity at 5,600 ft. This means that the
DuPont well has lower porosity than predicted for
its depth. The reason for this is not known, but the
DuPont well provides a key control point that must
be considered as we evaluate Mill Creek.

Site-Specific Porosity Estimates

Both well-log and core porosity data were
used to estimate porosity at Mill Creek. Core mea-
surements are the most accurate method of deter-
mining porosity and permeability. Core-derived
porosity and permeability data for the Mount Si-
mon are available from limited cores from the Du-
Pont No. 1 WAD well in Louisville.

Cores typically are only recovered for rela-
tively thin intervals in a formation, and may not
be representative of the entire formation. Porosity
(but not permeability) data are also derived from
geophysical well logs, especially the bulk-density
log. Logs provide a continuous data set for the en-
tire formation, but are not as accurate as core data.

Core data from the DuPont No. 1 WAD well
(Louisville) and the Duke Energy East Bend well
(Boone County) are presented in Figures 4-15 and
4-16. The porosity and permeability versus depth
plots (Figs. 4-15a, b) also include data from the
overlying Eau Claire Shale core from East Bend.
The Mount Simon core data help to illustrate the
range of porosity and permeability in the area.
There is considerable variation in porosity and
permeability within the limited depth range of the
cored intervals. Despite this, the DuPont core data
show overall lower porosity and permeability than
the cores at East Bend. As discussed previously,
this is thought to be related to the greater depth of
the Mount Simon at Louisville.

Plotting porosity versus permeability illus-
trates the apparently positive correlation between
the two measurements (Fig. 4-16). This plot allows
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Figure 4-15a. Core porosity versus depth below surface for Mount Simon Sandstone (reservoir) and Eau Claire Formation (seal)
core from the Duke East Bend and DuPont No. 1 WAD wells. Mount Simon porosity is significantly lower in the DuPont cores
because of its deeper burial depth. Average porosity for the DuPont core plugs is 4.3 percent.
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Figure 4-15b. Core permeability versus depth below surface for the Mount Simon Sandstone and Eau Claire Formation. Perme-
ability is quite variable, but is lower in the DuPont cores and in the Eau Claire shales. Average permeability for the DuPont core

plugs is 6.1 md.
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Figure 4-16. Mount Simon Sandstone core porosity versus permeability for the Duke East Bend and DuPont No. 1 WAD wells.
Many of the DuPont analyses fall below the 7 percent cutoff, indicating limited injectivity for this interval. In general, permeability
decreases rapidly below 7 percent porosity, and this trend was the basis for the 7 percent porosity cutoff used to calculate net

reservoir thickness.

a minimum porosity to be interpreted for sand-
stone with acceptable permeability for injection.
Because porosity can be measured with downhole
logs and permeability cannot, a porosity cutoff al-
lows the net thickness of rock with suitable poros-
ity and permeability for injection to be summed
from porosity geophysical-log data alone.

Based on the core data shown in Figure 4-16, a
minimum porosity of 7 percent was chosen as the
porosity cutoff for the Mount Simon. The 7 percent
line separates the majority of the East Bend data
(acceptable porosity and permeability) from the

DuPont core data, where fluid injection was not
successful. Medina and others (2011) also used
a 7 percent porosity cutoff for the Mount Simon
across the Midwest in their calculation of CO, se-
questration capacities. Their cutoff, based on a
much larger data set, is supported by the core data
used in this study. Figure 4-16 shows that most of
the core analyses from the DuPont well fell below
the 7 percent cutoff. This suggests the core interval
is not a good injection zone, but there are some in-
tervals with porosity above the cutoff.
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Calculation of Net Porous Sandstone

Once a porosity cutoff was chosen, the thick-
ness of net porous sandstone and average porosity
of sandstones above the cutoff were determined
for use in CO,-capacity calculations. The DuPont
well is the only well near Mill Creek for which data
are available for the Mount Simon. The reservoir
calculations for Mill Creek are based on this single
well.

The Mount Simon Sandstone contains thin
shales and some shaly sandstones with poor reser-
voir quality. Since only clean, nonshaly sandstone
should be included in the net sandstone calcula-
tion, a gamma-ray cutoff was used. The natural
gamma-ray log is the best discriminator of clay
and shale, and a cutoff of 80 API units was used
to identify clean sandstone. Intervals with 80 API
gamma-ray units or less were classified as sand-
stone. This 80 API unit cutoff is very close to the
75 API cutoff used by Medina and others (2011) in
their Mount Simon study.

A log-analysis program (Petra) was used to
calculate the net feet of Mount Simon with a gam-
ma-ray reading of less than 80 API units and den-
sity porosity (calculated using a sandstone matrix)
greater than or equal to 7 percent. The results of the
net sandstone calculation are shown in Table 4-1.
Average log porosity and total porosity-feet (thick-
ness of void space) were also calculated. Gross
thickness is the total Mount Simon thickness. A
net-to-gross sandstone ratio was calculated to al-
low a similar thickness to be calculated at the Mill
Creek site using the mapped thickness. The net-to-
gross ratio is 0.15 in the Louisville DuPont well.

Average log-derived porosity of the net sandstone
interval is 8.7 percent in the DuPont well.

Table 4-1 also includes calculated data for the
Mill Creek site. The gross thickness was taken from
the thickness map of the Mount Simon (Fig. 4-7).
Then net sandstone footage was calculated using
the net-to-gross ratios determined from the Du-
Pont well. This yields a net sandstone estimate of
70 ft for Mill Creek. The Mill Creek site is about
400 ft deeper than the DuPont well, so a slightly
lower average porosity of 8.2 percent was used.

Comparison with regional data suggests the
DuPont well has lower porosity than it should for
its depth (Medina and others, 2011). If this is a local
anomaly, Mill Creek may have better porosity than
the conservative number used here.

CO, Capacity Calculations

Using the compiled and calculated data, CO,
storage volume was calculated. CO, storage capac-
ity is based on the porosity, thickness, and area of
the injection zone, and density of the injected CO,.
CO, density is a function of reservoir pressure and
temperature. The Mount Simon interval is deep
enough for supercritical-phase CO, injection at
the Mill Creek Station. CO, density calculations
were made using the CO, properties calculator at
the MIDCARB project Web site: www.midcarb.
org/calculators.shtml. The Midcontinent Interac-
tive Digital Carbon Atlas and Relational dataBase
was a research consortium composed of the state
geological surveys of Illinois, Indiana, Kansas,
Kentucky, and Ohio, funded by the U.S. Depart-
ment of Energy. Calculated CO, density is shown
in Table 4-2.

Table 4-1. Mount Simon reservoir data for the DuPont No. 1 WAD well and calculated data for the Mill Creek site.
. Net Porous Average Log
Mount Simon Average Depth Qross Sandstone < 80 | Net-to-Gross Porosity of .
Sandstone Well-Log | (below surface, Thickness GR and > 7% Rati Net P Porosity-Feet
Data f) () ana ) atios et Porous
Porosity (ft) Sandstone (%)
DuPont No. 1 WAD 5,600 748 111.5 0.15 8.7 9.6
Calculated data
Mill Creek Station 6,020 470 70 0.15 8.2 5.7
Table 4-2. Calculated CO, density at reservoir conditions.
Site Reservoir Pressure | Reservoir Temperature CO, Density CO, Density
(psi) (°F) (Ib/ft) (kg/m’)
Mill Creek Station 2,800 116 49.65 795.32
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These parameters are required to calculate
CO, storage capacity:
Reservoir pressure: assumed hydrostatic and calcu-
lated at 0.433 psi/ft for the res-
ervoir depth
taken from well-log data from
Boone and Jefferson Counties
Reservoir thickness: the net porous sandstone thick-
ness as calculated above
standard area of 100 acres
the average porosity for the net
reservoir footage

Temperature:

Reservoir area:
Reservoir porosity:

The equation for CO, storage capacity was

modified from Medina and others (2011):
SC=A *h *® *p_.,*¢/ 1,000

where SC is the storage capacity in metric tons, A_
is the area in square meters, h_is the net reservoir
thickness, @ _is the average porosity of the net res-
ervoir, p., is the density of CO, at reservoir con-
ditions, and ¢ is the storage efficiency factor (dis-
cussed below).

The reservoir parameters used and CO, ca-
pacities calculated are shown in Table 4-3.

Efficiency of CO, Storage

The storage-capacity equation used above in-
cludes an efficiency factor, which reduces the CO,
storage capacity. This factor is applied because
100 percent of the available pore volume is never
completely saturated with CO, because of fluid
characteristics and geologic variability within the
reservoir.

Litynski and others (2010) calculated efficien-
cy factors for carbon storage in various reservoir
types that account for factors that reduce the vol-
ume of CO, that can be stored. These factors in-
clude:

Chapter 4: Mill Creek Station

Geologic Factors

* Net-to-total area ratio of a basin suitable for se-
questration

* Net-to-gross thickness ratio of a reservoir that
meets minimum porosity and permeability re-
quirements

* Ratio of effective to total porosity (fraction of
connected pores)

Displacement Factors

* Areal displacement efficiency: area around a
well that can be contacted by CO,

* Vertical displacement efficiency: fraction of
vertical thickness that will be contacted by CO,

* Gravity: fraction of reservoir not contacted by
CO, due to buoyancy effects

* Displacement efficiency: portion of pore vol-
ume that can be filled by CO, due to irreducible
water saturation

Combining all of these factors using a Monte
Carlo simulation results in a probability range of
total efficiency factors of 0.51 to 5.4 percent (P,
to P, range) (Litynski and others, 2010). For the
purposes of this assessment, the geologic factors
are known and thus are equal to 1. In our 100-acre
evaluation unit, the net-to-total area is the same,
the net-to-gross thickness has already been calcu-
lated, and for clastic reservoirs (sandstones) we
will assume that the porosity is well connected
with a ratio of effective (connected) porosity to to-
tal porosity equal to 1. Litynski and others (2010)
calculated efficiency factors for the displacement
factors separately, and for sandstone reservoirs
they range from 7.5 to 24 percent, with a P, (most
likely) efficiency factor of 14 percent. This means
the most likely case is that 14 percent of the pore
space can be filled with CO,. The range of storage
volumes using the probabilistic efficiency factors
for the Mill Creek site is shown in Table 4-4.

storage efficiency.

Table 4-3. Reservoir parameters and calculated CO, storage capacity for a 100-acre area at 100 percent and 14 percent

co CO, Capacity Storage CO, Capacity
Site 100-Acre | Net Reservoir | Net Reservoir | Porosity Dens?'t at 100% Efﬁciegc at 14%
Area (m?) | Thickness (ft) | Thickness (m) (%) 3y Efficiency y Efficiency
(kg/m?) . Factor .
(metric tons) (metric tons)
Mill 404,686 70 21.4 8.2 795.32 563,583 0.14 78,902
Creek
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The application of an efficiency factor signifi-
cantly reduces the storage capacities, but is neces-
sary to estimate storage volumes.

Summary

The Mill Creek Station has limited potential
for geologic storage of CO, beneath the site prop-
erty. The Mount Simon Sandstone is the only for-
mation with suitable porosity, permeability, and
seal at depths required to store supercritical-phase
sequestration. Excellent confinement for injected
CQO, is provided by the more than 500-ft-thick Eau
Claire Formation.

Geologic data control for Mill Creek is fair,
with one well to the reservoir within a 15-mi ra-
dius. This well, a hazardous-waste disposal well,
was unable to establish fluid injection in the Mount
Simon 12 mi from Mill Creek. Mapping indicates
the reservoir at Mill Creek is thinner and deeper
than at DuPont. This suggests the reservoir prop-
erties will be worse at Mill Creek than at DuPont.
The nearest seismic data are from 11 mi from Mill
Creek, not close enough to characterize the Mill
Creek site. There is one surface fault mapped with-
in a 15-mi radius. The Mount Simon structure map
(Fig. 4-6) indicates that injected CO, would migrate
slowly to the north, parallel to the Ohio River. Mi-

gration of some CO, under the river into Indiana
is possible, but this would depend on the volume
of CO, injected and the length of time. If this is a
concern, an injection stimulation could be run to
predict the CO, plume size and direction over time.
KGS does not currently have this modeling capa-
bility, but it may be available in the near future.

It may be possible to use the Knox Group as
a sequestration reservoir at Mill Creek. The Knox
was used at the DuPont site for injection of haz-
ardous waste. That project actually resulted in the
formation and trapping of supercritical CO, in the
Knox; the acidic waste dissolved the dolomite res-
ervoir, forming a cavern. This limited amount of
CO, was trapped in the injection zone, but larger
volumes may not behave the same way. Our con-
cern at Mill Creek is that the top of the Knox and
the overlying seal are shallower than 2,500 ft. If
CO, migrates upward within the Knox, it could
reach depths where the supercritical phase is no
longer stable, and a phase change to gaseous CO,
would occur. This would result in a large volume
increase, possibly fracturing the rock.

Using the most likely storage volumes at each
site, the following volume of CO, could be stored
at each site, using property owned by LG&E-KU
(Table 4-5).

and others, 2010).

Table 4-4. Range of probabilistic storage volumes using DOE’s displacement efficiency factors for clastic reservoirs (Litynski

Site

Minimum Volume (metric
tons/100 acres) ¢ = 7.4% (P, )

Most Likely Volume (metric
tons/100 acres) ¢ = 14% (P,))

Maximum Volume (metric
tons/100 acres) ¢ = 24% (P,)

Mill Creek Station

41,705

78,902

135,260

Table 4-5. Total site storage capacity at Mill Creek Station assuming 100 percent use of LG&E-KU property.

Site

CO, Storage Volume
(metric tons per acre)

Total Site Size
(acres)

Total Site Storage Volume
(metric tons)

Mill Creek Station

789

548.8

432,988




102 Chapter 4: Mill Creek Station

References Cited

Drahovzal, J.A., Harris, D.C.,, Wickstrom, L.H.,
Walker, D., Baranoski, M.T., Keith, B.D., and
Furer, L.C., 1992, The East Continent Rift Ba-
sin: A new discovery: Kentucky Geological
Survey, ser. 11, Special Publication 18, 25 p.

Greb, S., and Solis, M.P., 2010, Chapter 4: Geologic
carbon storage (sequestration) potential in
Kentucky, in Parris, T.M., Greb, S.F., and Nut-
tall, B.C., Evaluation of geologic CO, seques-
tration potential and CO, enhanced oil recov-
ery in Kentucky: Kentucky Geological Survey,
ser. 12, Report of Investigations 21, p. 55-212,
kgs.uky.edu/kgsweb/olops/pub/kgs/
Energy/RI21_12/RI21_12_Chapter4.pdf [ac-
cessed 11/30/2012].

Kepferle, R.C., 1972, Geologic map of the Valley
Station quadrangle and part of the Kosmos-
dale quadrangle, north-central Kentucky: U.S.

Geological Survey Geologic Quadrangle Map
GQ-962, scale 1:24,000.

Litynski, J., Deel, D., Rodosta, T., Guthrie, G., Good-

man, A., Hakala, A., Bromhal, G., and Frailey,
S., 2010, Appendix B, summary of the meth-
odology for development of geologic storage
estimates for carbon dioxide, in 2010 carbon
sequestration atlas of the United States and
Canada: U.S. Department of Energy, National
Energy Technology Laboratory, www.netl.
doe.gov/technologies/carbon_seq/refshelf/
atlaslII [accessed 10/23/2012].

Medina, C.R., Rupp, J.A., and Barnes, D.A., 2011,

Effects of reduction in porosity and perme-
ability with depth on storage capacity and in-
jectivity in deep saline aquifers: A case study
from the Mount Simon Sandstone aquifer:
International Journal of Greenhouse Gas Con-
trol, v. 5, p. 146-156.



Appendix: LG&E-KU Carbon Storage Evaluation Ranking Criteria 103

Appendix: LG&E-KU Carbon Storage Evaluation Ranking Criteria



1a

ion Ranking Criter

LG&E-KU Carbon Storage Evaluat

IX

Append

104

Auadoud ayis ay jo snipels i
IW-| B UIYJIM B8J. [euapIsal Jo ‘|euol q seale
-nisul ‘|euopesioss saiqredwooy] 0 |enuapisal Se Yons sasn [elysnpuiuou yum ajqiedwooul
fuso10; aq pjnom jueid ay) e Ajjioey abelols ayy Jo uonelado pue ayis Jueld punose Ve
0 0 Sk 0 0 6 BIINALBE :51qNBdWOD 1EUMOLO. uononusuo) Ajjioe) abeloys pue ainjdeds uogued sy} Jo uol asn pue| bunsix3
40 ainyndlibe 3|qRedwod Jeyms Esw Gl -elodo pue UOoIONIISUOD BY} Y)IM JUS)SISUOD 8 ISnW asn
UoRoBAXS [BJaUILW JO Al pue| Bunsixe BulpuNoLNS pue ayis Jueld 8y} Uo 8sn JuaLIND
-snpul Aneay ‘playyumoilq 9|quedwo) Gz
sonsusjoeIRYD 9IS 19410 0°¢
ol ol €l oL Sl |ejoyqng
deap ‘lerolauaqg Ajlennw s S82IN0sal [BUONIPPE JO AISA0DSI UM
3 00G‘Z > PUB W G| UIYIM Sp[aly |10 ON 0 pauiquiod usym °0J Jo uonelisanbag “A1anodal j10 paouey (lenusjod YoO3 .
0 0 S 0 0 deap 1} 0052 > -ue 10} ABojouyos) pejessuowsp e si uonoslul ‘09 “yidep | ejgiosiwwi) spjel €c
PUE 1W G| UIY)IM SP[al |10 dI0W JI0 BUQ G }} 00G‘Z UBY} SSO| PUB 1W G| UIYIM SPJalj |I0 SI0W JO dUQ
‘pausageld si syney Jo aouss
9)IS 8Y} JO IW G| ulyIm (s)ne4 0 -qy ‘(desy e Buiwioy) Buiess o (Aemyyed obexes|) aAls .
0 0 0 0 S _ . sjne4 44
WGl UIYIM SYNeJoN G siwsuel) 8q Ued s)ne “a)Isjo JI ease uonos(ul pasodoid
1o ays jueld jo 1w G| uiypm (s)yney paddew jo aouasald
*SaljI|Io.) 90BLNSNS MO|[eYS JaYj0 pue ain}
0N Bos0< 0 -onujseljul auljadid Jo asneoaq uous)lId plezey-olws|as aje
JONBos0 ¢ -lidoidde jsow sy} si uoness|edoe punolb sead ‘sieak oG
I0NBos0 ¥ Ul 90UEpaadXa JO 8oueyd Jusdiad Q| e yum ‘6 jusolad oz X
ok ok 8 ok ok 30N Boz0 9 uey) sse| uonelsj@ooe punolb dead Bupelisuowasp suol be
JoNBoL0 8 -e|nojeo pue ejep 9i60joab Buiuoddns Aq usaold ‘sjuans
3ION BS00 0L olwstes jJueoyiubls wouy 3sU mo| aAey pinoys jueld sy}
‘usainin Joj Se eSO JEIWIS SN [IM O Bulunssy
si0joe4 9160]099 0'Z
0L 89 0S 0L 0L |ejoyqng
pajoayje spuejjom Jo saIoB Ol < G
pajoayje spuefjom Jo saioe 0L-G < 0l SIEI
14 14 14 14 14 pejoaye spueem Jo seoe G- < Gj SpuepsM | 'L
pajoaye spuejom Jo a1oe | > 0Z
pajosyje spuejom oN  GZ
urejdpooyy Jeak
-0} Ut sjuswsle josfoud [gojud o 's|jom abelo}s 1o} pasn pue| 1o} Juepoduwi se jou
. aJe suonouysal ule|dpoo| uiejdpooy} Jeak-00| 8y} anoge .
e e Sk e e _mwﬁwmﬂomﬂwmwmm_c“:ﬁmﬁm .P“_Mmmﬂn_& a aq ishw Ayjioey aunydeos ay) Jo ayis 8yl ‘umopinys jueld ureidpooid | ')
.:_m._%oo_tm&.oor pue sbewep poojj o} [enusjod mo| aAey jsnw jueld ay|
anoqe ayis Ayjioey ainydes uoque) Gz
's)s09 [ejided aseaud
-ul Aew suopeoso| snonBuoouou U juswdinba ssaooid
palinbai
e} Buibeys ybnouyye ‘Jejy palepisuod ale Ypim youaq
splompunoub jo Junowe jueoyiubls | i :
S € S S [ 21INbo) SIOMPUNOIB BUO a|qejieae ajeudoidde ypm says painojuo) "pauisyald ale Aydesbodo) | z'1
b pall o mu S € Buipelb ou sy Buuinbas says jej4 uonoNIsu0d Ajjioe)
PaINbaI 4I0MPUNOID ou 0} [EWIUIN-+ § 10} papelB A|qelns s| )1 a10jaq a)is 8y} Je palinbal aq [Im
3JOMpPUNOIB SAIE[SS YoNW MOY SSSSIPPE UOLSIIO SIU]
‘pa.isjaud ale sayis
sale 00s—G< G J1eb1e7 “a)1suo abe.o)s ‘07 J0j pue Ayjioe) ayy Jo Ayjiqepued
saloe 000'L—00S Ol -xa aunn} poddns 0} ays jueld ayy je abealoe |euonippe o021 .
Sk Sk S Sk Sk saloe 000‘L < Gl 1o Ajljige|ieA.e ay) sassalppe uoualuo siy] abelojs punolb SV
:0zis a)g | -Jepun pue sanijoe) ainjdes uogled [euolippPE S)epOLLLIOD
-0€ Jsnw ayis jueld sy} JO suoISUSWIP Jeaul| pue eale ay]
sonsuajoetey) [eaisAyd 0°L
3219 [IIN umoug ‘M3 J9AIY usaIn ‘0D 9|quuLIL jusyo Buuoog eusyl) ajeuoijey pue eyl uonduosaqg

uonejg Bunesausg Jamod

euaj) Bunjuey uonenjeay abelols uogied NY-3891




105

1a

Ranking Criter

on

LG&E-KU Carbon Storage Evaluat

IX

Append

jes| jou
gl ssop 0D ainsus 0} sejoy psjesojun Jo Ayjigissod ey pue
ulyym suonesjpuad ||om XIs ueyy 810 O ‘syydep J1ay) ‘salog|iem jo (Jaquinu) Aysusp ay) o) Joads
w gL -2l yum [eas ay) Jo Ajbejul ssesse 0} pasN edeuns ay} |eas Arewud oyl X
Sk 0 6 Sk 6 UIyIM suolesjauad [[om XIS 0} Jno4 6 0} 1o Jayem Bupjuup Jo seainos punoibiapun ojul abeyes| suoneneuad [[9A oG
W G| Ulypm ‘09 Joy skemyjed uonesbiw [epusiod Jussaidal seioqBM
mco:mbm:ma |I@M InoJ uey) Jama Gl ‘M3IA8] JO Bale IW-G| B Uly}im uoljeullo) «mm‘_m« urew ayj jo
|eas Arewud ay) ybnouyy aiay) aJe suojesjsuad Auew moH
*SJOIUOO SS820k BoBUNSANS [Efjusjod pue ‘aje)sa
: ; ; ; ; sy o | et e tee o e | e
IWG) UM SSUS O G ulyym saujw Jo sauenb eyebaibbe/euoisawl Jo ‘saulw AN HNSANS
|eoo punoiBiapun ‘spjay seb pue |lo jo aoussaid 8y
‘paJinbal jou
sllonesal Inq ‘a|qeuisap si des) pasojo v julod |ids s} 0} 8INsojo By}
9|qe|leAR UO 8INSO[0 [BINoNNIS ON 0 O SWN|OA U} SUILLIB}EP 0} palinbal si sisAjeue [euonppy ‘00 Joy deyy pasop | .
0 §¢ 0 0 0 SIIOAISS3I B|qe|leA. 200 peyoslul Jo uoneiBIW Wi [[IM 8INSO[O [BINJONAS "W G| pajelsuowaq vs
9JOW JO 8UO UO 8INSO|D [BINPPNAS  GZ uIyyM uonelisenbas 1oj SIIOAI9SaI S|Ge|IBAR U} JO alow
10 3Uo uo (del}) 81nsOd [BINONIIS MOYS O} EJep JusidINS
Sa10e (0,/SU0}
ouleW 000‘00) Ueyy sse] G
saJoe (0},/suo} Alasal abelols Arew Ayoedes ebe .
S s¢ S Sk s¢ oUW 000'00Z ©) 000°'00L  GI -ud 8y} Jo eele 810e-QQ| 10} pejewnss Ayoedes ebeioys | -101s ‘0D pejewnsy €9
Sa10e (0},/SU0}
oudW 000°00 Uey 8o Gz
S1I0AI9SD1 BUI[ES OM} UBY} JaMa4 () “uonensenbes o) Aioedeo Em_o_t:m 4o pooy SIIOAI9Sa) :
0 0 0 0 0 S1I0AI9SD1 BUI[ES oW 10 OM I} U SBSEBIOUI S[EAISIUI PEYORIS SIARININ “2A0GE pauy sules deap oidyn [
: ' L O -9p se slloAIasal dulles d|qeqold Jo usAoid alow JO OM] 4 P SIdBIN
W GZ UIYIMm [eas .
pue Jloniesal Bulesipul 109/|eM ON 0 ays juerd
(a1q1s 8y} JO AJIUIDIA SjelpawWwI 8y} Ul 8UOZ B Yons jo Ajjin pue
sod) oy g o w sz e e | S0 LD L popLe s L o
|eas pue Jioalesal Bunesipul s\ G 4 0zises| e | o | u 1y P 1sedl) p 4 Jlonsasal aules | .
Sl Sl Sl 0 Sl (018 pue yydap ul i 000°0L—005°Z @€ yeus Ajiqeswiad pue Ay dosp jo soussaig | 'S
d -solod ‘ssauyoly} a|qenns Bunel}suowap s|jom 0} SOUE}SIP
~qoud) ays wouy 1w G| wcm L usemisq sejen|end els)Uo sIy] “piny [eanuosedns e se ‘09 jo abe
[BSS pue Jlonissal bunesipul ISM G -10)s wua)-Buoy 1oy Ajoedes )sebie| ay) aaey o) Aje| ale
(uenoud) ayis Jo 1w | uiim suoljew.oy suijes deap Jey) sejeolpul sonoeld 1saq JusLng
|eas pue JloAiesal Buneoipul 8109/|l9p G2
|enjuajod uonesnsanbag 0'g
14 14 14 14 14 |ejoyqns
sjuawalinbal
9)e)s Aue uaye Jo Ajuspuadapul
auop aq 0} sjuswalinbalydaN 0 ‘(yjoq 10) 8NpaYds
sjuswalinbal Jo j08foud uo joedwi ue aaey ued Ayjoe; abeloys pue
10y Adljod [eyusw .
sz sz sz sz sz 9JE]S Jayj0 U} Yim AJUsLINdUod suop ainydes uogJed 8y} Jo uonesado pue UORONISUOD By} UO UouIAUS euone [
9q 0} payoaulp Ing ‘sjuswaiinbal yd3aN Gl (e1qeoijdde aiaym) V43N Jo syuswaiinbas Aue jo uonisod IAUZ [BUOREN
sAejap Jnoyyum ajenbape se -Wi 8yl "Vd43IN yum aoueldwod aainbal jiim Buipuny 300
JusWNo0p 43N [eapa} ay) jdope o}
Ayige ayy Jo sjuswalinbal YdIN ON G2
Bunjiwiag pue Aioyeinbay o'y
Sl Sl (014 Sl Sl |ejoyqng
Joddns [eoo| o) ‘syoelold abe
-10)s U0QgJed Jo uoljesauab paiy-leod o}
uonyisoddo pazjuefio umouy J0 BQISIA O X
uol)isoddo |ejusWUOIIAUS UMOUS| OU 103foud abelojs
5 uogJed e Joj uopisoddo Jo poddns [eo0| 8jenjeAs o) jdwa} .
Sl Sl sz Sl Sl pue ‘Ajjunwwod [eso] wouy poddns jng . aouejdesoe olgnd | z'¢
A1SNPUI UOIIOBIXG [BJoUIW [E90] ON G -Je UE S| BLIBJLID SIY| 'SSOOONS 0} I0JOe) [eONLD B S| S}0d
PO i -foid abeloys uogies jo aoueydaooe pue uondaosad olgnd
uopyisoddo umouy ou yym pod
-dns |eoo) ‘suolesado Bulup seb pue
lo pue Buuiw yum Ajeljiwey [eoo] Gz

uonejg Bunesausg Jamod

euaj) Bunjuey uonenjeay abelols uogied NY-3891




LG&E-KU Carbon Storage Evaluation Ranking Criteria

106

191 261 691 €Sl 08l 3¥00S 1violL
34 122 34 €€ SS |ejoyqng
jued jo
W G| Ulyym 8|qe|leAe ejep JlWSIBS ON €
wGL-0oL 00 Aq pejoejuoo
ulyym a|qe|leA. ejep JlwsleS 9 aq 0} aoeds alod jo eale 8y} Jo Aiewoab sy Bulepow
9 6 zl [ 9 W 0}—G UIYIM S|Qe|IBAB BJEP DIWSIOS 6 pue uoneJlisenbas Joj Jiun e Jo Ajubajul [euajod pue ainjeu uonoa|jel- 1 LS
snipes ay) Buissesse ul asn o} [eUSSSe ale Bjep UONIS|JeI-OlW Jo Ajjqeieay
1W-G" |, UIYIM S|qe|IBAR SBUI| JIWSIdS  Z| -s19g "a)is Jue|d a8y} O} BJep UOI}08aI-0IWSIas JO AJWIX0ld
snipeJ 1w-|.
UIY)IM JO S)ISUO 9|ge|leA. Saul| OWSIeS G|

uonejg Bunesausg Jamod

euaj) Bunjuey uonenjeay abelols uogied NY-3891




