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All,

Thank you for the discussion this morning on our conference call. As follow-up, attached is a
DRAFT of our "Analysis of Impacts on Lowermost USDW from Focused Leakage of Brine from
Plugged and Abandoned or Poorly Constructed Wells at the FutureGen 2.0 Site" This report is in
support of our AcR designation in the UIC application. The attached copy is only a draft and we
plan to update it with a sensitivity analysis of Chian's 2011 validated model outputs with outputs
from his newer 2013 model. We will also update the permeability values used for the Potosi
based on available literature and permit records. We will send you a "final" version when we've
completed these updates before the end of next week.

Under separate cover we will send you more information on the well bore pressure calculations
and the shape file for the AoR. We'll also load the shapefile on the Input Advisor for GS3. Let me
10w if there are other items that you need which will help in your evaluation.

" thanks
Tyler

Tyler Gilmore
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Analysis of Impacts on Lowermost USDW from Focused Leakage of Brine from
Plugged and Abandoned or Poorly Constructed Wells at the FutureGen 2.0 Site

Introduction

The objective of the analyses described below was to assess whether the Area of Review {AoR)
determination based on the maximum extent of the supercritical carbon dioxide {(scCO5) plume is also
protective of the lowermost underground source of drinking water (USDW) from the induced pressure
front from scCO; injection. This calculation must consider the potential for brine migration along
plugged and abandoned or poorly constructed wells that penetrate the ¢
pressure increases associated with scCO; injection. As noted by many:;
from our injection modeling, the extent of the pressure increase de
extent of the scCO; plume. However, this extended region of | )
itself result in an increased risk to USDWs from hrine migra
factors are considered. :

ock, driven by the reservoir

ithors, and shown in results
injection is larger than the
ire does not in and of

5

As discussed by Birkhalzer et al. {2011), a static critical thre:
up an open conduit or damaged borehole (e.g;.substandard

constructed well would be smyallgr . i .e., open conduit) and permit brine

to flow into intervening perme. ' i.e., thie nes). Birkholzer et al. (2011) stated that a

e

At the FutureGe \ ol many potential thief zones exist hetween the
including 1) the ironton Sandstone, 2) the Potosi Dolomite

Approach

The study reported here followed the approach detailed by Birkholzer et al. (2013) for analyzing the
impacts of the focused leakage of brine up an abandoned and damaged or poorly constructed well
based on the pressure buildup caused by s¢cCO; injection. The analysis used by Birkholzer et al. {2013)
applied an analytical model, ASLMA (Cihan et al. 2011, 2013), which was developed specifically for these
types of focused leakage problems. We selected the ASLMA analytical model for our analysis because of
its capabilities and published prior use, which included verification cases with other models for these
types of problems. In this study for the FutureGen2.0 site, we conducted an assessment of the impacts
on the lowermost USDW from focused leakage for the closest well that penetrates the caprock outside
the maximum extent of the scCO, plume {at the Waverly field, which is 26 km from the center of the
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FutureGen 2.0 injection wells). We also ran cases for a borehole that will be completed as a monitoring
well that is near the maximum extent of the predicted scCQ, plume (the monitoring well completion
that will be located at stratigraphic borehole FGA#1), which is located approximately 2 km from the
centroid of the injection well laterals). Figure 1 shows the location of the closest wells that penetrate
the Eau Claire caprock around the FutureGen 2.0 site. The results of the cases run at these two selected
tocations can provide guidance on the adequacy of the FutureGen 2.0 site AoR, which was defined based
on the maximum predicted scCO; extent in the Underground Injection Control (UIC) Permit Application,
to be protective of the lowermost USDW based on the scenario of focused brine leakage from
abandoned and damaged or poorly constructed wells.

Mode| Description

The analytic mode] used for this analysis, ASLMA_V3, was developé

i kh aquitards

ir injection. The riodel requires

f the reservoir, aquifers, and

: because the volume of freshwater leakage
%"gher-density reservoir fluid were used in

Model Parameters

Site data for the upper layers {Ironton to St. Peter) are limited at the FutureGen 2.0 site because the
focus of the detailed characterization of the first stratigraphic borehole (FGA#1) was on the reservoir
and caprack. Detailed characterization of the upper layers is planned for the next drilling campaign.
Some sidewall core permeability measurements of these upper layers were used, along with published
regional values or conservative estimates (i.e., using lower ranges of permeability estimates for the
aquifers below the USDW).

Direct measurements of the effective permeability of plugged and abandoned or poorly constructed
wells are limited. Vertical Interference Tests have recently been used to help quantify this
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measurement for a range of wells {e.g., Crow et al. 2010; Gasda et al. 2013; Puguid et al. 2013).
Effective permeability estimates for the damaged zone around a borehole for this study were based on
published ranges of groupings of wells with different leakage potentials (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 (0.5 to 8 mD) and extreme (8 to 10,000 mD) leakage
potential ranges (Celia et al. 2011) were investigated in this modeling effort. Single values of effective
permeability for the borehole were assigned for all the aquifer/aquitard seg}
borehole permeability for each segment}, which provide conservative
Celia et al. (2011).

The results from our analysis are reported as the volume of f|
into each of the overlying aguifers {including the St. Pete
distances (~2 km and 26 km) using conservative estima
effective permeabilities as discussed above. Well locations .
this analysis were 1) the Criswell borehole at t r
FutureGen 2.0 injection wells, the closest boré
predicted scCO; plume, and 2) the FGA#1 borek
at a distance of 2 km from the center of the inje
predicted scCO, piume. Borehol

outheast of the center of the
Mt. Simon Formation outside the

illed at the FutureGen 2.0 site {Table 6.1 of
are lumped into a single unit as required

other than the injection rese isted in the footnotes of Table 1. Hydraulic properties for the
single-layer injection reservoir were based on fitting the simulated reservoir pressure responses from
the injection mode! used in the UIC Permit Appllcatlon at the two well locations of interest (described in

more detail below}.

Because the ASLMA model is a single-phase model, an equivalent water-injection rate was calculated
from the scCO; injection rate of 1.1 MMT/yr for 20 years. The volumetric water-injection rate was
calculated using scCO; densities at two pressures (see Figures 4 and 5) because the UIC permit model
shows a significant pressure buildup around the injection well. The first scCO, density (Figure 5} was
applied for the first 5 years while injection pressures were rapidly increasing, and the second scCO,
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density {calculated at 400 psi higher) was applied from 5 to 20 years. The resulting water-injection rates
were 0.0470 m?/s {years O to 5) and 0.0439 m>/s (years 5 to 20).

~ Hydraulic conductivity and specific storage were adjusted in the ASLMA model for the composite Mt.
Simon/Elmhurst injection layer to fit the pressure responses from the UIC permit injection model at the
FGA#1 borehole (2 ke from the center of the injection well laterals) and Waverly field Criswell borehale
{26 km from the center of the injection well laterals}. A manual fitting process was used (see
comparisen in Figure 6). It was difficult to exactly fit both wells with the same parameters; therefore,
parameters were chosen so that the overall fit of the ASLMA pressure results in the injection layer were
slightly higher than the UIC permit model. This is conservative for this analysis because slightly greater
Flocations. . The ASLMA

permit model-predicted

pressures in the injection reservoir would lead to greater leakage at thegweil

model-predicted pressure at the injection well is much greater than

Results for the simulated leakage for the Waver

injection well laterals} are shown in Figure 7 for : ategory (8 mD). Figure 7

shows the total leakage from th i Fage intgeach ermeable units above the

K

\ Figure 7 show the fluxes over the 100-year
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; lot is also included, using a log scale, of
- cumulative leakage for the units abigye th New Richmond, and St. Peter}, because

imtlated flu ;%and cumulative leakage volume for the FGA#1
averly well, given the higher pressures at the cioser location.

Figures 9 and 10 show the

respectively} using the top sme Potential Leakage Category (10,000 mD). This extreme upper

bound on the effective permeability for a plugged and abandoned or poorly constructed well is

comparable to unconsolidated clean sand (see Table 2.2 of Freeze and Cherry[1979]).

Table 2 shows the cumulative leakage volumes at 100 years for each of the cases and permeable units

for comparison of the results.
Conclusions
Results from this modeling effort show that the ieakage of brine into the lowermost USDW from a

damaged plugged and abandoned or poorly constructed well, even considering extremely conservative
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parameter estimates, is very small as shown in Table 2 {1.55 x 10° m® [or 0.00155 L] or lower over 100
years) for the closest well outside of the simulated extent of the scCQ; plume {Waverly field, 26 km from
the center of the injection area). As shown by the simulation results, most of the focused leakage along
a damaged borehole from the reservoir is captured in the permeable zones (thief zones), most notably
the [ronton Sandstone, which is the first permeable zone above the caprock (1,350 ft helow the
lowermost USDW [St. Peter Sandstonel}. The simulated cumulative brine leakage velume from the
reservoir over 100 years for the Extreme Leakage Potential Category (2,273 m® total or 62 L/day over
this period) was mostly into the fronton Sandstone, as shown in Table 2. This volume represents roughly
0.008% of the total scCO; injection volume {using an equivalent water-injection volume of 2.82 x 107 m3

well location did show sy
are bith well below th
USDW. For the FGA#1 borehole, the simulated cumulative briréle
the 100-year period for the Extreme Leakag

jal Category? 00 m* total) was also mostly into

the ironton Formation (Table 2). This results
shorter time period than was used above for the'
injection is over at this location.

Cases were run with | {60 mD [5 .8E-7 m/s]) based on the
average listed for isville, Kentucky, for the Copper Ridge
Formation, a 'otosi {Greb et al. 2009). The results of these cases using the

average value mouri leakage into the lowermost USDW for both the

Waverly field dist FGA#1 borehole distance {5.33 1} for the Extreme. Leakage
Potential Category.

niindicated that, under site conditions, operations-related pressure
|gfation through damaged plugged and abandoned or poorty
constructed wells extending beyond overlying thief zones at appreciable levels near the outer extent of
the simulated scCO; plume or at the closest well outside this zone that penetrates the caprock.
Therefore, the delineated scCO; AoR should also be protective of the lowermost USDW from pressure-
induced brine migration under these leakage scenarios.

increases will not result in brin

Summary

Following the approach detailed by Birkholzer et al. (2013}, we conducted a study of the impacts of the
scenario of focused brine leakage from damaged plugged and abandoned or poorly constructed wells
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due to increased pressured from scCO, injection on the lowermost USDW at the FutureGen2.0 site. This
study looked at cases for two wells: one well near the outermost edge of the predicted maximum
extent of the scCO; plume (FGA#1 borehole, 2 km from the center of the injection well laterals) and
another for the closest well that penetrates the caprock outside the predicted maximum extent of the
scCO, plume (Waverly field, 26 km from the site). The results of the analysis of the scenario of focused
brine leakage using conservative parameter estimates showed very little Impact on the lowermost
USDW (St. Peter Sandstone) near the outer boundary of the AoR delineated in the FutureGen 2.0 UIC
Permit Application (<0.0376 L over 100 years) and for the closest well that penetrates the primary
caprock outside the AoR {<0.00155 L over 100 years). These results are due to brine losses in the three

aquifers between the injection reservair and the lowermost USDW [thief ), in particular the first

zone above the caprock {Ironton Sandstene). Based on this analysis of;

plugged and abandoned or poorly constructed well scenario, the AgR
predicted extent of the scCO; plume should also be protective of’

pressure front..
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Figure 9. Waverly field well (26 km distance) — top of Extreme Leakage Potential Category (10,000 mD).
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Figure 10. FGA#1 borehole (2 km distance) — top of Extreme Leakage Potential Category {10,000 mD).
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Table 1 — Summary of Properties in ASLMA Focused Leakage model for FutureGen 2.0 site.

Unit Thickness Hydraulic Conductivity Specific Storage[a’

St. Peter sandstone 202 £ (61.6 m) 1.18E-5 m/s {1,220 mD}™ 1.0E-6 1/m

Ne"\n;' Richmond sandstone 102 ft (31.1 m)

Potosi dolomite 276 ft (84.1 m) 1.£-4 m/s (10,000 mDY"®) 1.0E-6 1/m

330 ft (100 m}

7 Lower Eau tflalr (Elmhurst)
and Upper Mt. Simon

{a} Specific Storage for units other than reservoir: default val

(d) Potosi: Based on preliminary estimates from fluid
final version of this report)
(e) Ironton: Average of representati
- from standard core permeability;
from FGA#Z{ (stratigraphic char

conductivity'ang épeciﬁc storage) based on fit of simulation pressure
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Table 2. Summary of simulated cumulative fluxes after 100 years.

Reservoir New Richmond
{Mt, Simon and Ironton Potosi Sandstone St. Peter
Elmhurst} Sandstone Dolomite 3 Sandstone
Case Volume (ms) Volume (m3) Volume (ms) Volume (m) Volume (m3}
Waverly (26 km) —
High Leakage -1.842 1.842 2.90E-05 4.39E-13 6.56E-19
Potential

FGA#1 (2 km) — Hig
Leakage Potential

-13.04 13.04 3.13E-04

7.16E-12 1.63E-17
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