ATTACHMENT 7
AR #90

FutureGen Response to Second Request
for Additional Information



McDonald, Jeffrey

From: Gilmare, Tyler J [Tyler.Gilmore@pnnl.gov]
- Tt Friday, December 13, 2013 3:45 PM
T McDonald, Jeffrey
“oubject: Second Request for Additional Information (RAI #2)
Aftachments: EPA_RAIZ for FG-RPT-017-Final.pdf
Categories: Follow-up
Hi Jeff,

Attached are our responses to your team's second Request for Additional Information (RAI #2).
We are also putting a hard copy in the mail along with a CD which should arrive early next week.

This time we will use FedEx and address to Stephen Jann, the Acting Branch Chief to hopefully
alleviate the issue of sending the responses via USPS certified mail.

Please call if you have any questions.
Thanks
Tyler

Tyler Gilmore

_RBattelle Manager FutureGen Storage Site
- 1cific Northwest National Laboratory
5093717171
509 430 9898 (cell)






FutureGen Industrial Alliance, Inc.
73 Central Park Plaza East

, . FU ture Gen™ Jacksonville, IL. 62650
- T www.FutureGenAlliance.org
ALLIANCE
Kenneth Humphreys
Chief Executive Officer
217-243-8215

December 10, 2013

Stephen Jann

Acting Branch Chief, Underground Injection Control Branch
United States Environmental Protection Agency — Region 5
Mailcode: WU-16J

77 West Jackson Blvd
Chicago, IL 60604-3590

Subject: Request for Additional Information #2 Regarding, FutureGen Applications for ULC Permit
nos. IL-137-6A-0001, -0002, -0003 & -0004, November 14, 2013

Dear Mr. Jann,
Please find enclosed one printed copy and one compact disc with an electronic copy of the FutureGen
Alliance's responses to your Request for Additional Information (RAI #2) on the FutureGen Alliance's

UIC applications dated November 14, 2013.

Inquiries concerning the contents of the enclosure may be directed to Tyler Gilmore by telephone
(509) 371-7171 or by email to tyler.gilmore@pnnl.gov .

Sincerely,

“()(,,L ffb “'K . Q-Et-x\—f\‘}’“‘“**

Mr. Kenneth Humphreys Chief
Executive Office
FutureGen Industrial Alliance, Inc.
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U.8. Environmental Protection Agency Reguest for

I ion #2, :
FG-RPT-017, Revision 1, SUPPORTING DOCUMENTATION: Underground Injection Control Class Vi Injection Well Permit Applications For FutureGen 2.0 Morgan County UIC Wells 1, 2,3,and 4

11-14-2013:

Letter from Rebececa Harvey (EPA) to Kenneth K. Humphreys (Alliance),
Injection Control (UIC) Permit Applications for Four Geologic Sequestration

“Request for Additional Information Regarding four FutureGen 2.0 Wells, United States Environmental Protection Agency Underground
Wells; United States Environmental Protection Agency UIC Permit Nos. 1L-137-6A-0001, -0002, -0003, 8 -0004

RAI #

Request based on the online GS data tool modeling input

Tab Par.

EPA Comment / Question / Request

FutureGen Response

Footnote / Reference Citation

11-14-2013_016

Rocks Properties 3

"Residual saturation. As shown in the "Sat-function-rel-perm” spreadsheet, residual
aqueous saturation values used in the FutureGen AoR medel range from 0.0597 to
0.0810. Residual aqueous saturation values found in the literature for the Mt Simon
Sandstone range from approximately 0.2 to 0.4 (Zhou et al. 2010; Bandilla etal,
2012b; Krevor et al,, 2012; Mathias et al, 2013). It is expected that site-specific
capillary pressure and residual aqueous saturation for the FutureGen site will be
generated after pre-injection testing of the proposed wells. However, an explanation
of the effects of this selection on plume and pressure-front development may need to
be provided.”

Values for the residual aqueous saturation {5,,) and the two other parsmeters used in the Brooks-
Corey capillary pressure-saturation function (i.e. the non-wetting fluid entry pressure and a pore-size
distribution parameter) were all abtained by fitting mercury (Hg) intrusion-capillary pressure data
from the Manlove gas storage site in Champalgn County. The fitting was applied after scaling the
capillary pressures to account for the differences in interfacial tensions and contact angles for the
brine-CO, fluid pair, relative to vapor-liquid He used in the measurements. The scaled data and the
fits are shown in Figure 3.12. This approach has the major advantage that the three fitted
parameters are consistent as they are obtained from the same original data set, The use of
consistent parameter values is not the norm for brine-CO, flow simulations In the Mt. Simon. For
instance, in the mentioned Zhou et al. (2010) paper, the non-wetting fluid entry pressure was
obtained from a Leverett-) conversion of Hg data from the Frio sandstone. However, values of the
pore-size distribution parameter and 5,,, (0.25— 0.3) are listed in their Table 1 without an explanation
on how they were obtained.

The S,,, values used in the modeling (Table 3.5) are indeed lower than the values found in the
literature. The FutureGen Alliance was aware about these differences but opted to use a consistent
data set for all retention parameter values instead of selecting parameter values from different data
sources. An additional reason for using this approach Is the considerable uncertainty in 5,,, values for
MLt. Simon rock in the literature. It was already mentioned that the source of the S, values used by
Zhou et al. (2010) was not provided, Bandilla et al. (2012) states that a value af 0.3 was assumed
“lacking detailed data” [Page 45). Krevor etal. {2012) used a fitted value of 0,22 [Table 2) based on a
fit to pressura-saturation data with a maximum pressure of 107 Pa (Figure ), Based on the shape of
the Mt. Simon curve in the figure, it can be argued that a lower fitted S,,, value may have been
obtained if data peoints were used for larger pressures.

In general, using a lower S, value for the injection zone will possibly result in a somewhat smaller
predicted CO, plume size and a smaller spatial extent of the pressure front compared to using a
higher value of 5. Variation of 5,,, in the confining zone (cap rock) likely has relatively little impact
an CO, transport and pressure development awling to the typically much lower permeability of this
zone relative to the underlying reservolr. It should be noted that some of the impact of the choice in
S, values Is relieved in the simulations by using the Webhb extension (Webb, 2000} for the capillary
pressure — saturation function. This extension accounts fer removal of water below the imposed 5.,
value when injected dry CO, dissolved part or all of the residual water.

Bandilla, K.W., M.A. Celia, T.R. Elliot, M.
person, K.M. Ellet, 1.A. Rupp, C. Gable, and
Y. Zhang. 2012. Modeling carbon
sequestration in the lllineis Basin using a
vertically-integrated approach, Computing
and Visuglization in Science 15:39-
51:W02532.

Krever, 5.C., R. Pini, L. Zug, and 5. M.
Benson. Relative permeability and
trapping of CO2 and water in sandstane
rocks at reservoir conditions. Water
Resources Research 48(2)

Wehb, S.W. 2000. A simple extension of
two-phase characteristic curves to include
the dry region. Water Resources research
36(6): 1425-1430,

Zhou, Q., J.T.Birkholzer., E. Mehnert, Y.F.
Lin, and K. Zhang. 2010, Modeling basin
and plume-scale processes of CO, storage
for full scale deployment. 2012. Ground
Water 48(4): 494-514,

11-14-2013_017

Model Cutput

“Surface fiux. For the flux output [iles, bwo areas (4 mix 4 mi and & mix 8 mi) were
selected and fluxes were defined across the east, west, north, and south boundaries
af both of those areas, as well as the top of the Franconia and the top of the Proviso.
What are the i, j, k indexes that define the 4mi x 4 miand 8mil x B mil areas?”

For the 4-mi x 4-mi area side surface, both the | index (easting} and J index (northing) range between
19 and 107; the K index {vertical) ranges betwean 1 and 51,

For the 8-mi x B-mi area, both the | index (easting) and | index {northing) range between 13 and 113;
the K index (vertical) ranges between 1 and 51.

Far the top surfaces, K = 51 for Franconia top and 43 for Proviso top.
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U.8. Environmental Protection Agency Request for Additional Information #2, Regarding:
FG-RPT-017, Revision 1, SUPPORTING DOCUMENTATION: Underground Injection Control Class VI Injection Well Permit Applications
For FutureGen 2.0 Morgan County UIC Wells 1, 2, 3, and 4

Appendix A

RAI 11-14-2013_001

Additional Information Regarding
Physical Processes Modeled
and

Reactive Reaction
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U.S. Environmental Protection Agency Request for Additional Information #2, Regarding:
FG-RPT-017, Revision 1, SUPPORTING DOCUMENTATION: Underground Injection Control Class VI Infection Well Permit Applications
For FutureGen 2.0 Morgan County UIC Wells 1, 2, 3, and 4

The FutureGen Alliance {the Alliance) has experimentally investigated a number of geochemical,
microbial, and physical processes related to supercritical carbon dioxide (scCO,) injection into the upper
Mount Simon Sandstone, which do show some precipitation at high scCO, concentrations. Over the
tong term {1,000s of years or longer), simulations by others show that scCO, storage as precipitates is
expected to be a dominant process (Gaus et al. 2008, in Fig 2; White et al. 2005, simulation in sandstone
with shale cap rock), where 20 to 50% of the carbon mass is permanently sequestered as a mineral.

The experiments were conducted at different brine/scCO?2 ratios (0% to 98% scCQ,) in Mount Simon
Sandstone, Eau Claire shale, and St. Peter Sandstone formations for the purpose of characterizing a}
changes in water quality, and b) significant phase changes (i.e., precipitates) that may affect further
injection. NaCl and KCl precipitates were observed forming at high scCO,/brine ratios (Figure 1b} over
time, as water partitions into the scCO,, leaving ions behind that eventually precipitate (i.e., “salting
out”). This is most likely to occur near injection wells. Major ion changes over the year (Figure 1a) are
generally small, with only Na* and K" increase with 98% scCO, (with a corresponding increase in CI" [not
shown]). Iron is observed to precipitate at nearly all scCO,/brine ratios, but given the initial iron
concentration of 0.6 mmol/L, the formation of siderite [Fe(l}CO,] is expected only to be a relatively
minor precipitate, and was not observed in the microprobe analysis of the scCO,-treated Mount Simon
samples. There were indications of mineral dissolution, with increasing Mg*, K*, and SO~
concentrations {10s to 100s of mmel/L) and a minor increase in silica. In the White et al. {2005)
simulations, as the pH increased from 3.8 (acidic due to the scCO,) to 4.8 over 105 years, the major
mineral precipitates formed were aluminosilicates kaolinite [Al;S1,0:{OH),] and dawsonite
[NaAICO,{OH),), with a small increase in calcite precipitation, with corresponding dissolution of
aluminosilicates albite [NaAlSi;O], anorthite [CaAlSi,0gl, and K feldspar [KAISi;O4).

Therefore, the Alliance expects to see a small mass of precipitates (KCl, NaCl} forming near the injection
well from the scCO, displacement of water, and does not expect to see the formation of any significant
carbonate precipitates in this year (or years) time scale. Iron does precipitate, but concentrations are
too low (<0.6 mmol/L) relative to carbonate to be a precipitate issue. Modeling by others {White et
al.2005) in a similar sandstone {also containing iron oxides} shows that over significantly longer time
scales (1,000+ years) significant aluminosilicate dissolution and aluminosilicate precipitation
incorporating significant carbonate (dawsonite) is predicted, as well as some precipitation of calcite.
That predicted mineral trapping did permanently sequester 21% of the carbonate mass, thus decreasing
5cCQ, transport risk.
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U.S. Environmental Protection Agency Request for Additional Information #2, Regarding:
FG-RPT-017, Revision 1, SUPPORTING DOCUMENTATION: Underground Injection Control Class VI Injection Well Permit Applications
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Aqueous Cations in Brine-C0z(sc)-Rock
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Figure 1. a) Major cation changes in Mount Simon or Elmhurst formations differing CO,/brine mixtures
over time (x-axis). Groupings are different percentages of scCO,, with balance brine {i.e., 10% CO, is
90% brine); b) electron microprobe image of a Mount Simon Sandstone after year-long treatment with
98% scCO, showing NaCl precipitates {cubic crystals on surface).
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Appendix B

RAI 11-14-2013_004

Additional Information Regarding

Vertical Permeability
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W.8. Environmental Protection Agency Request for Additional Information #2, Regarding:
FG-RPT-017, Revision 1, SUPPORTING DOCUMENTATION: Underground injection Control Class VI Injection Well Permit Applications
For FutureGen 2.0 Morgan County UIC Wells 1, 2, 3, and 4

The following updated Table 3.4 shows the Kv/Kh literature values for model layers that have measured
values and the corresponding 20 measured Kv/Kh data points.

For the Lombard layers, core data are available for 6 of the 7 layers, with a total of 12 samples
successfully analyzed for the Lombard. Of these, Kv/Kh ratios for five out of six layers are lower than the
literature value; one core derived value matches the literature value of 0.1, and no core-derived Kv/Kh
values exceed the literature based value.

For the Elmhurst, there are a total of four samples successfully analyzed, one each in four of the seven
Eimhurst layers. Of these four samples, three have lower values than the literature value; one core-
based value (Elmhurst Layer 4, sample depth 3,889-3,890 ft, Kv/Kh = 0.902) was higher than the
literature value of .4.

Four Kv/Kh sample pairs were successfully analyzed in the Mount Simon cored intervals. Two samples
are in Mount Simon Layer 17; two samples are from Layer 13. The geometric mean for the two samples
from Layer 17 is 0.233, which is lower than the literature value of 0.4. The geometric mean of the two
ratios from Layer 13 is 0.643; which is higher than the literature value.

It should be noted that there is no available whaole core from the confining layers; and available rotary
sidewali cores do not provide sufficient sample size for vertical measurements of permeability. The
Lombard is extremely heterolithic, as observed in the attached core photos (Figure 1)}, but the sparse
individual sample pairs suggest that the literature value represents a very conservative value, and that
vertical permeability is lower than modeled.

Both Elmburst and Mount Simon are reservoir intervals. The sparse Elmhurst and Mount Simon data
generally indicate less vertical permeability than the data used in the model. While this is likely valid for
the Elmhurst and uppermost Mount Simon, it should be noted that whole core data are not available for
the proposed injection zone, and KV/Kh ratios are unknown for that interval. Current characterization
plans for the upcoming vertical pilot well include whole core from the injection zone and additional
whole core from the Elmhurst and Mount Siron reservoirs, as well as from the Proviso and other
confining zones.
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.8, Environmental Protection Agency Request for Additional Information #2, Regarding:
FG-RPT-017, Revision 1, SUPPORTING BOCUMENTATION: Underground Injection Control Class VI injection Well Permit Applications
For FutureGen 2.0 Morgan County UIC Wells 1,2, 3, and 4

Updated Table 3.4 of theSupporting Documentation for the Alliance’s Class VI UIC permit application

Model Layer Kv/Kh Applied *Kv/Kh Successfully
to Model Determined Analyzed Core
Layers'* from Core Pairs Pairs

Franconia carbonate 0.007 ND ND
Davis-lronton 0.1 ND ND
Ironton-Galesville 0.4 ND ND
Proviso {Layers 4 and 5) 0.1 ND ND
Proviso {[carbonate] Layers 1 to 3} 0.007 ND ND
Lombard Total Interval 0.1 0.029 12
Lombard (Layer 7) 0.1 .098 2
Lombard {Layer 6) 0.1 0.003 2
lL.ombard (Layer 5) 0.1 ND ND
Lombard (Layer 4) 01 0.016 2
Lombard (Layer 3) 0.1 0.064 2
Lombard (Layer 2) 0.1 0.009 1
Lombard {Layer 1) 0.1 0.104 ' 3
Elmhurst Total Interval 0.4 0.06 4
Elmhurst (Layer 7) 0.4 ND ND
Elmhurst (Layer 6) ' 0.4 0.023 1
Elmhurst (Layer5) 0.4 ND ND
Elmhurst (Layer 4) 0.4 0.802 1
Elmhurst {Layer 3) 0.4 ND ND
Elmburst (Layer 2) 0.4 0.022 1
Etmhurst {Layer 1) 0.4 0.037

Mt. Simon (Layer 17) 0.4 0.233 2
Mt. Simon (Layer 16) 0.1 ND ND
Mt. Simon {layer 13} 0.4 0.643 p)
Mit. Simon {Layers 12, 14, and 15) 0.4 ND ND
Mt. Simon {Layer 11, Injection} 0.5 ND ND
Mt. Simon [Layers 6, 7, 8, 9, 10) 0.3 ND ND
Mit. Simon (Layers 1, 2, 3, 4, 5) 01 ND ND

" value from literature, referenced in the Supperting Documentation of the UIC permit application
* Geometric mean of successful core pairs.
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Figure 1. Slabbed core photos of the Lombard, illustrating the heterolithic nature of this interval.
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Appendix C
RAI 14-11-2013_009
&

RAl 14-11-2013_010

Additiona!l Information Regarding

Computational Model Results

12/13/2013 Page 14 of 41



U.S. Environmental Protection Agency Request for Additional Information #2, Regarding: :
FG-RPT-017, Revision 1, SUPPORTING DOCUMENTATION: Underground Injection Control Class V| [njection Well Permit Applications
For FutureGen 2.0 Morgan County UIC Welis 1, 2, 3, and 4

The last paragraph and associated figures of Section 3.1.6 {Computational Model Resuits), beginning on
page 3.29, were updated (as excerpted below) to describe the CO, migration processes. In addition, a
piot correspending to 100 years was added to each of the following figures: 3.21, 3,22, and 3.23.
Furthermore, Figure 3.24 was replaced with plots showing the pressure differential and the CO,; plume
boundary at the same scale and in the horizontal plane {map view) for the same times. For
convenience, the plots in each figure are marked with letters “a” through “e.” Please refer to the
response to RAl# 11-14-2013_018 for information about the pressure front.

“Reservoir conditions are such that the CO, remains in the supercritical state throughout the domain and
for the entire simulation period. The three-dimensional distribution of the CO,-rich (or separate-} phase
saturation is presented for selected times {i.e., 5, 10, 20, 70, and 100 years) in Figure 3.21. Additionally,
and to better illustrate the CO, migration through time and space, a cross-sectional view of the CO,
plume is presented as slices through the center of the injection wells and along the well traces (see
Figure 3.18 for location of cross sections). Figure 3.22 and Figure 3.23 show the COxrich {or separate)
phase saturation for selected times for slices A-A” and B-B’, respectively. Note that Figure 3.21 shows the
plume in model coordinate space, while Figure 3.22 and Figure 3.23 show the distance from the center of
the injection well pad. This is necessary because the well orientation is not aligned with the x and y axes
of the model domain.

The claverleaf pattern of the CO; plume that forms as a result of the four lateral-injection-welfl design can
be seen in Figure 3.21a, which shows the pfume after 5 years of continuous CQ, injection. The central
portion of the plume is a resuft of CO; injection into the Elmhurst in the vertical section of each well.
Figures presenting the cross-sectional views show the location of the open interval refative to the plume
and stratigraphic units. It can be seen in Figure 3.22 and Figure 3.23 that after 5 years of continuous CO;
injection, the plume has spread both laterally and vertically, with some CO, migrating into the lower part
of the Lombard. At 10 and 20 years, with more CO, being injected, the plume grows larger with time
primarily in the lateral direction, but also vertically. Two years after the cessation of CO; injection {at 22
years), the plume reaches its maximum lateral extent {a comparison of the plume outline at different
times in plan view is shown in Figure 5.1). However, the CO, within the plume continues to redistribute
by migrating slowly upward due to buoyancy effects, with some of the CO, dissalving at the CO-brine
interface at the edge of the plume. The vertical layering represented in the model is one of the
controlling factors in the plume shape at later times. In general, the CO; tends to gccumulate below a
layer with a relatively higher gas entry pressure {and often lower permeability) than that of the layer
directly below it. This areua of relatively higher CO;saturation can be seen in Figure 3.21d and Figure
3.21e as the green “ledge” feature in the plume, and in Figure 3.22d, Figure 3.22e, Figure 3.23d, and
Figure 3.23e as the flat-topped orange zone. Because the plume migrates primarily upward after
infection ceases, the green feature becomes narrower with time (Figure 3.21d and Figure 3.21e}. The
vertical cross sections showing the plume at 100 years illustrate how the CO; distribution within the
plume becomes more uniform with time (Figure 3.22e and Figure 3.23e). Because of the dissolution
process, the CO, separate-phase plume area (in the horizontal plane} at 100 years is 2.2% smaller than
the maximum area at 22 years.
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in summary, the plume grows both laterally and vertically during the injection period. Most of the CO,
resides in the Mount Simon Sandstone. A small amount of CO, enters the Eimhurst and the lower part of
the primary confining zone (Lombard). When injection ceases at 20 years, the lateral growth becomes
negligible but the plume continues to move, primarily upward. Once CO, reaches the low-permeability
zone in the upper Mount Simon it begins to move laterally again but at a slower rate than during
injection. There is no additional CO, entering the confining zone from the injection zone after injection
ceases.

A contour map of the pressure differential and the corresponding outline of the CO, plume boundary for
selected times (i.e., 5, 10, 20, 70, and 100 years) are shown in Figure 3.24. The maximum pressure
differential corresponds to the end of the injection period {year 20}. After that time, the pressure sfowly
dissipates resulting in the maximum pressure differential being befow 30 psi at 70 years (Figure 3.24d),
and below 20 psi at 100 years (Figure 3.24e). Because there is a natural upward flow from the infection
zone, a critical pressure has not been defined. Hence, we are presenting the pressure differential
distribution instead of o defined pressure front (Figure 3.24).
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Figure 3.21. CO,-Rich Phase Saturation for the Representative Case Scenario Simulations Shown at
Selected Times (5, 10, 20, 70, and 100 years).
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Figure 3.22. Cutaway View of CO,-Rich Phase Saturation Along A-A’ (Wells 1 and 3) for Selected Times
(5 Years, 10 Years, 20 Years, and 70 Years). The dashed lines indicate open intervals of
injection wells,
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Figure 3.24. Pressure differentials from baseline condition and plume boundary at selected times (i.e.,
5, 10, 20, 70, and 100 years). The plume area at 20 years is 6.35 mi*, which is 1.7% less
than the maximum plume extent at 22 years (6.46 mi’). Twenty-five years after the end of
injection (year 45), pressure differentials at the injection well location declines by 90%. -
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For the model sensitivity simulations, the probability distribution of each factor was assumed to be
uniform within its uncertainty range {from minimum to maximum as given in Table 3.12 of the permit
application). Samples of parameters within the uncertainty range were generated from the distributions
to explore the impacts of the combinations of these factors on CO; transport, Traditional Monte Carlo
{MC} sampling tends to produce many gaps and clumps, which may result in missing and/or duplicated
numerical simulations. Consequently, to achieve stable results, often a large number of simulations
(e.g., hundreds to even thousands) are required. The Quasi-Monte Carlo (QMC) sampling approach is an
improved MC approach in which the parameter sequence is more evenly distributed in the multi-
dimensional parameter space. It has advantages over the MC approach in that it can significantly
improve the sampling efficiency and effectiveness, requiring many fewer numerical simulations to
achieve stable results for quantifying sensitivity and uncertainty (Caflisch 1998; Wang and Sloan 2008;
Hou et al. 2012). Therefore, the QMC approach is particularly applicable to computationally demanding
numerical simulations and was used for this investigation.

The parameters that were considered in the sensitivity study were porosity, permeability, and fracture
gradient. Their uncertainty ranges are given in Table 3.12 of the permit application. The three-
dimensional parameter space was explored and the developed relationships and output statistics
converged with 22 QMC parameter sets (which corresponds to 32 numerical simulations using STOMP).
The resulting set of scaling factors was applied to the porosity and permeability values for all model
layers and to the fracture gradient (0.585 psi/ft.). All layers were scaled by the same factor. In other
words, when porosity or permeability is varied by a specified scaling factor, the corresponding
parameter for all 51 layers is varied by the same factor. Therefore, we have provided a table (Table 1) of
the scaling factors that were applied to the values listed in Table 3.8 of the permit application and to the
fracture gradient. As an example, for case 1 in the table below, all 51 porosity values were varied by a
factor of 1.2439, all 51 permeability values were varied by a factor of 1.1327, and the fracture gradient
was varied by a factor of 0.9262 (resulting in an assigned value of 0.5418 [0.9262x0.585 psi/ft]).

References

- Caflisch, R.E. 1998. Monte Carlo and quasi-Monte Carlo methods. Acta Numerica 7:1-49.

Hou, Z., M. Huang, L.R. Leung, G. Lin, and D.M. Ricciuto. 2012. Sensitivity of surface flux simulations to
hydrologic parameters based on an uncertainty quantification framework applied to the Community

Land Model. Journal of Geophysical Research 117, D15108.

Wang, X.Q., and L.H. Sloan. 2008. Low discrepancy sequences in high dimensions: How well are their
projections distributed? Journal of Computational and Applied Mathematics 213:366-386.
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Table 1. The scaling factors for porosity, permeability, and the fracture gradient.

Case Porosity | Permeability | Fracture
1 1.2439 1.1327 0.9262
2 0.7521 . 0.9805 1.0086
3 0.9187 1.1471 1.0819
4 1.0854 0.8138 0.9352
5 0.8076 1.2027 0.8863
6 0.9743 0.8694 0.9597
7 1.1410 1.0360 1.0330
8 | 08632 | 0.7582 1.0575
9 1.0299 0.9249 0.9108

10 1.1965 1.0916 0.9841
11 0.7706 1.1101 1.0412
12 0.9373 0.7768 0.8945
13 1.1039 0.9434 0.9678
14 0.8262 0.8323 0.9923
15 0.9928 0.9990 1.0656
16 1.1595 1.1657 0.9189
i7 0.8817 1.0546 0.9434
18 1.0484 1.2212 1.0167
19 1.2150 0.8879 "1.0900
20 0.7891 0.9064 0.9271
21 0.9558 1.0731 1.0004
22 1.1225 1.2397 1.0738
23 0.8447 0.9620 1.0982
24 1.0113 1.1286 0.9515
25 1.1780 0.7953 1.0248
26 0.9002 1.1842 0.9760
27 1.0669 0.8508 1.0493
28 1.2336 1.0175 0.9026
29 0.7582 1.1533 0.9298
30 0.9249 0.8200 1.0031
31 1.0916 0.9867 1.0765
32 0.8138 0.8755 1.0276
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Additional permeability corrections beyond the Klinkenberg correction were not applied. The K-
Klinkenberg values were computed from K-air values, measured by Core Laboratories using an unsteady-
state method, using the Klinkenberg Correction Factor (KCF). The KCF values were obtained for each
sample using a standard procedure (Jones 1972). For some tight rocks it has been shown that the KCF
may not be sufficient and that larger correction factors, such as the Knudsen correction factor, might be
needed. The determination of whether a standard Klinkenberg can be used is typically based on the
values of the Knudsen number, Kn (Kn = A/r where % is the molecular free path and r is characteristic
length such as pore radius). For Knudsen numbers below ~2, differences between the KCF and the
Knudsen correction factor are relatively small and additional permeability corrections are typically not
needed (e.g., Ziarani and Aguilera 2012}.

In Figure 1 {below), the computed KCF values are plotted against K-Klinkenberg for all analyzed samples.
The plots show that for the tighter rocks (K-Klinkenberg < 0.01 mD}, the KCF are always less than 10.
Based on literature analyses (e.g., Civan 2010; Ziarani and Aguilera 2012), KCF values less than 10
indicate that the tighter samples are, in terms of the Knudsen flow regime, located in the lower end of
the transition flow zone where 0.1 < Kn < 10. To confirm this observation, Kn values are computed using
Eq. D1 for A and Eq 17 for r in Ziarani and Aguilera (2012) and plotted in Figure 2 vs. K-Klinkenberg. The
plot shows that for the tighter cores, Kn < 2. For these Kn values, the Knudsen correction factor may be
up to 10% to 20% larger than the KCF. However, given the inherent uncertainties of unsteady-state
permeability measurements in the < 0.01 mD range (Rushing et al. 2004), the slightly larger correction
factor would result in permeability values within the experiment measurement error,
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As discussed in Birkholzer et al. (2011), a static critical threshold pressure determination for brine flow
up an open conduit or damaged borehole (e.g., substandard well completion, deteriorating seal in
abandoned well, near horehole drilling-related formation damage) may not be applicable for cases
where permeable units exist between the injection reservoir and lowermost underground source of
drinking water (USDW) because the open conduit approach doesn’t account for lateral flow outside the
conduit or casing and into these permeable zones. The effective permeability of an abandoned well or
damaged zone surrounding a borehole would be smaller than flow in an unplugged well casing (i.e.,
open conduit) and permit brine to flow into intervening permeable formations (i.e., thief zones). At the
FutureGen site there are many potential thief zones between the injection reservoir and the lowermost
USDW, including 1) the Ironton Sandstone, 2) the Potosi Dolomite (which was identified as a very
challenging lost-circulation zone during FGA#1 drilling activities, indicating extremely high-permeability
conditions), and 3) the New Richmond Sandstone.

Birkholzer et al. (2011b) stated that a model is required to analyze these dynamic and transient impacts.

Objective and Approach

The objective of the analyses described below is to assess the potential of brine intrusion in the
lowermost USDW. This calculation must consider the potential for brine migration along previously
abandoned or poorly constructed wells that penetrate the caprock, driven by the reservoir pressure
increases associated with supercritical carbon dioxide (scCO,) injection. As noted by many authors and
shown in results from our modeling, the extent of the pressure increase during scCO, injection is larger
than the extent of the scCO, plume.

There are four penetrations that reach the Mount Simon within a radius of 35 miles (Figures 2.3 and 2.4
in the Supporting Documentation of the UIC permit applications). The nearest one is located at the
Waverly field, 16 miles from the injection well. At this point, the maximum simulated pressure
differential is 28 psi at 30 years after the beginning of the injection (Figure 3.24, in Appendix C, RAI# 11-
14-2013_009) and a range of scenarios will be evaluated using the analytical model of Cihan et al.
(2011).

Model Description, Assumptions, and Parameters

The analytic model used for this analysis was developed by Cihan et al. {2011) with additional examples
of its use in Cihan et al. (2013). Pacific Northwest national Laboratory has obtained the source code,
executable, and sample problems from the authors at Lawrence Berkeley National Laboratory. This
model is for single-phase, isothermal fluid flow for focused leakage around wells and/or diffuse leakage
through aquitards in a multilayered aguifer system from the transient pressure field created during
reservoir injection. The model requires specification of the permeability, specific storage, and unit
thickness for the reservoir, aquifers, and aquitards. It also needs borehole radii and effective
permeabilities for the damaged zone around the borehole for each segment it passes through the
aquifers/aquitards. The model does not account for brine density differences, but the results would be
conservative because the volume of freshwater leakage calculated for each permeable unit would be
greater than the higher density fluid in the reservoir at the FutureGen site.
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Site data are limited for the upper layers {lronton to St. Peter) at the FutureGen site because the focus
of the detailed characterization of the first characterization borehole (FGA#1) was on the reservoir and
caprock. Detailed characterization of the upper layers is planned for the next drilling campaign. Some
sidewall core permeability measurements of these upper layers will be used along with values published
for these units in the region or conservative estimates (i.e., using lower ranges of permeabitity estimates
for the aquifers).

Effective permeability estimates for the damaged zone around a borehole will be based on published
ranges of groupings of wells with different leakage potential {low, medium, high, extreme} as reported
in Table 2 of Celia et al. (2011), which used the categories defined by Watson and Bachu (2008). Celia et
al. {2011) used a stochastic modeling study with a large number of realizations for wells in the
Wabamun Lake area of Alberta, Canada. Data from Crow et al. (2010) were also used by Celia et al.
(2011) to develop these effective permeability estimates, which also highlighted the few measurements
available. The high end of the high and extreme groupings will be investigated in this modeling effort.
Single values of effective permeability around the borehole will be assigned for all the aquifer/aquitard
segments, which provide conservative results based on Celia et al. {2011} analysis because using a range
of permeabilities for a borehole through multiple layers would limit the fluxes based on the lower
permeability values assigned.

The results of this analysis would be the volume of fluids leaked over time from the reservoir into each
of the overlying aquifers (including the St. Peter, the lowermost USDW) for the two well distances (2 km
and 26 km) using conservative estimates for the site parameters and the borehole effective
permeabilities as discussed above.

A letter report will be provided in January 2014 describing the madel, input parameters, and results of
this analysis.
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Appendix G

RAI14-11-2013_019

Additional Information Regarding
Area of Review Pressure Front Delineation

(Pressure Differential / Simulation Time)
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Details of Pressure Front Calculation:

Determining the pressure front (P; ) was calculated from Equation 4 of the EPA Draft Guidance (2011,
page 35):

Pip = Pu'%"'pi'g'(zu - z)

where:
P;, B, = pressure (pre-injection) in injection zone and USDW (respectively), Pa
pi» Py = fluid density in injection zone and USDW (respectively), kg/m®
z;, Z,, = elevation of injection zone and USDW (respectively), m
g = Acceleration of Gravity.

Glacial Aquifer

Parameter Value Notes

Bottom Elevation (z,) 149 m (489 ft MSL)

Pre-Injection Pressure (P,) 364,305 Pa (52.838 psi)

Water Density (o) 1,000 kg/m® Freshwater density

Injection Zone — Mt. Simon / Top of EImhurst
Parameter Value Notes

Elevation (z;) -981 m (-3219 ft MSL)

Pre-Injection Pressure (P;) 11,608,700 Pa (1683.7 psi) Extrapolated from MDT and packer
measurements in Mt. Simon (see Figure
2.29 in UIC permit}).

Brine Density (p;) 1,033 kg/m® Online water density calculator:
www.csgnetwork.com/water density calcu
lator.html
P =1683.70 psi, T=96.155 F, TDS = 47,000
ppm (47 PSU)
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