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U.S. Environmental Protection Agency Informal Request #7
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

IR 01-23-2014_2

Additional Information Regarding

Determination of Wellhead Pressure

Description of Approach and Results

1/31/2014 ‘ Page 3 of 8



) LS. Environmental Protection Agency informal Request #7
Regarding: FG-RPT-017, Revision 1, SUPPORTING DOCUMENTATION: Underground Injection Control Class VI Infection Well Permit
Applications for FutureGen 2.0 Morgan County UC Wells 1, 2, 3, and 4

Summary

This memorandum is intended to clarify the approach used to calculate wellhead pressure from
the pressure at the top of the injection interval in response to EPA request IR 01-10-2014_3.
EPA reviewers had used a CO, density corresponding to conditions at the plant and applied it to
the fluid column in the injection well to estimate the pressure difference between the wellhead
and the top of the injection interval. Since the €O, is beyond or near its critical point, the flow is
not incompressible, and density of the fluid will change all along the flow path with changes in
termperature and pressure. A better estimate of the pressure difference between the welthead
and injection interval therefore requires a numerical integration which accounts for the
changing density. In addition, the fluid is also subject to frictional losses which will offset some
of the hydrostatic head in the well while the fluid is flowing. PNNL has used a computer
program called CO2Flow to calculate pressure changes along the pipeline and injection well. In
this memorandum, an example calculation for the FutureGen 2.0 site is described. For the case
presented, the pressure at the top of the injection interval, at a depth of 3850 feet below the
ground surface, is considered to be equal to 90% of the fracture pressure, giving a maximum
pressure of 2252 psia at that location. Under the conditions assumed, the average specific
weight of the CO, in the well would be 40.0 Ib/ft>, which corresponds to a hydrostatic pressure
difference of 1070 psi from the wellhead to the top of the injection interval. Taking frictional
losses into account, the CO2Flow program calculates a total pressure difference of 890 psi
between these two points.

Several aspects of a geological carbon dioxide sequestration project require the calculation of expected
conditions along the flow path from the fluid source {(e.g. a power plant with CO, capture), through
pipelines and equipment, down an injection well, and ultimately to the repository formation. The
computer program CO2Flow was written to support scoping analyses, permitting, and system design
associated with geological carbon dioxide sequestration. The program estimates pressure drop and fluid
state evolution as CO, moves through pipelines and injection tubing. A steady state, one-dimensional
flow model is used to calculate the pressure drop along a discrete number of pipeline or well elements.
For a more detailed description, please see FG-02-RPT-0003 [1]. Basic features of the CO2Flow program
have been checked using hand calculations, and predictions for full well simulations have been validated
by comparison to data from injection tests at the AEP Mountaineer test site near New Haven, West
Virginia.

For the FutureGen 2.0 project, the flow path includes a pipeline 28.2 miles in length, followed by a
vertical well section that extends to a depth of 3184 feet below the ground surface, followed by a
curved segment having a radius of 830 feet leading to the final horizontal well segment. The current
design calls for the perforated well section to begin in the curved segment, which places the top of the
injection interval somewhat higher than the horizontal portion of the well. A finear distance of 773 ft
along the curved segment to the beginning of the perforations corresponds to a total depth of 3850 feet
below the ground surface.

1/31/2014 Page 4 of 8



LL.8, Environmental Protection Agency informal Request #7
Regarding: FG-RPT-017, Revision 1, SUPPORTING DOCUMENTATICN: Underground injection Control Class V) Injection Well Permit
Applications for FutureGen 2.0 Morgan County UIC Wells 1, 2, 3, and 4

The pressure boundary condition for a calculation encompassing the entire flow path from fluid source
to repository is generally the pressure at the top of the perforated well section required to push a given
flow rate of fluid into the geological formation. The pressure required at the top of the perforated
injection interval will vary over the course of injection operations as the formation is pressurized by
injection and then relaxes during outages. The fluid temperature is usually specified at the CO, source.
In such a case, the calculation marches from the fluid source to the top of the injection interval, and the
pressure at the source is iterated until the required pressure at the top of the injection interval is met.

The flowing fluid is subject to frictional losses in both the pipeline and injection well tubing. Hydrostatic
pressure changes are also accounted for, although the average slope of the proposed FutureGen 2.0
pipeline is small, with only a 185 ft climb from the plant to the wellhead. The majority of the pressure
change as the fluid moves down the injection well is due to hydrostatic effects.

When the CO, travels along the pipeline from the plant, it is cooled by exchange of heat with the
surroundings. The rate of cooling depends primarily upon the temperature of the surroundings and the
thermal conductivity of the soil in which the pipeline is buried, but also on the fluid velocity, which is in
turn a function of the pressure along the flow path between the plant and wellhead.

When injection is first initiated, significant heat transfer between the injected fluid and the rock
surrounding the vertical well is expected to moderate the temperature of the fluid and pull it towards
the formation temperature at depth. However, the rate of heat transfer is expected to decrease over
time, as a zone of rock around the well moves closer toward thermal equilibrium with the fluid. A
limiting case after long time pericds of steady injection is therefore considered to be adiabatic flow of
fluid in the well. Under these conditions, the fluid temperature moving down the weli still changes due
to Joule-Thomson effects.

Well and pipeline flow simulations were carried out for a number of conditions, covering expected
injection pressures, fluid flowrates, and seasonal temperature variations. Soil thermal conductivity
depends upon the soil composition and the water content, which will vary with the season. A range of
so0il thermal conductivities was therefore used in the simulations in order to bracket the rate of heat
transfer expected in the pipeline. Extreme high and low values of 2.6 and 0.35 W/m K are suggested by
Kreith and Bohn [2]. High and low values of 1.25 and 0.50 W/m K are likely more representative of the
agricultural soil and moisture ranges expected along the FutureGen pipeline route. STOMP simulations
encompassing planned operating schedules indicate that injection pressures will climb rapidly toward
the maximum defined by the fracture pressure over a period of months. Therefore, the conditions
chosen to be most representative of long, steady injections were those of nominal flow rate (1.1

MMT/year) and maximum pressure at the top of the injection interval (90% of estimated fracture
pressure).

Table 1 shows input parameters for a representative case examined using the CO2Flow program. Table
2 shows calculated (or specified) CO, temperatures and pressures at the plant, wellhead, and top of the
injection interval. The total CO, flow is assumed to be split evenly between four identical wells. This
case assumes adiabatic conditions in the wells themselves. This calculation does not include any
pressure drop due to throttling or control valves. These will likely be included in the final system in
order to control the pressure and distribute flow between the four injection wells. If a given pressure
drop were taken across control valves at the wellhead, then the pressure in the pipeline and at the plant
would be higher by approximately that amount {not exactly by that amount, since the velocities and
frictional losses in the pipeline would change slightly due to the change in fiuid density).

1/31/2014 Page 50of 8



U.S. Environmental Protection Agency Informal Request #7
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

Table 2 also includes the fluid specific weight at various points in the fiow path, according to the local
state variables and the Span and Wagner equation of state [3]. A rough estimate of the hydrostatic
head in the well can be made by using the arithmetic average of the fluid specific weights at the
wellhead and top of the injection interval, 40.0 Ib/ft>. The pressure difference thus estimated for a
vertical distance of 3850 feet between the wellhead and the top of the injection interval would be 3850
ft x 40.0 Ib/ft* = 154,000 Ib/ft* = 1070 psi. This value is somewhat greater than the pressure difference
of 890 psi between these two points calculated by the CO2Flow program, because it does not include
any frictional losses.

Table 1: Input parameters for example pipeline and well case

Average annual flow rate 1.10 MMT/yr
System availability : 0.85
Maximum required injection pressure 2252 ‘ psia
Pipeline length 28.2 miles
Pipeline slope (rise/run) 0.00124 '
Pipeline element length (for numerical integration) 40 m
Fluid temperature at plant 113 F
Average soil surface temperature (summer) 79.2 F
Soil thermal conductivity ‘ 0.5 : W/m K
Pipeline cover depth 5 . ft
Pipeline inside diameter 10.136 in

| Pipeline outside diameter 10.75 “|in
Length of vertical well segment 3184 ft
Well curved segment radius of curvature 830 \ ft
Distance along curved segment to perforations 773 ft
Well element length (for numerical integration) 1 m
Injection tubing inside diameter 2.922 in
Pipe absolute roughness (pipeline and well tubing) 4.6E-5 m

Table 2: Calculated fluid conditions at various points for example case

Location Temperature (°F) Pressure (psia) | specific weight (Ib/ft)

Plant ' 113 1590 35.9

Wellhead 101 1360 38.1

Top of injection interval | 130 2250 41.9

References

1. Stewart, M.L., White, M.D., and Stewart, CW., “CO2Flow Software Documentation:
Hydraulic Model for CO2 Pipelines and Injection Wells”. FutureGen 2.0 Project: FG-02-RPT-
0003.

2. Kreith, F.B.M., Principles of heat transfer. 6th / Frank Kreith, Mark S. Bohn. ed. 2001, Australia:

Pacific Grove, Calif. xviii, 700 p.
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Attachments

The following two stand-alone reports are attached:

e CO2Flow Software Documentation: Hydraulic Model for CO2 Pipelines and Injection
Wells '

s 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
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1.0 Introduction

The CO2Flow computer program was written to support scoping analyses, permitting, and system
design associated with geological carbon dioxide (CO.) sequestration. The program estimates pressure
drop and fluid-state evolution as CO, moves through pipelines and injection tubing. A simple, steady-
state, one-dimensional flow model was used to calculate the pressure drop along a discrete nurmber of
pipeline or well segments. The program is written in Fortran90.

2.0 Theory and Method

2.1 Balance Equations

With inlet conditions given (i.e., plant CO. delivery pressur'e and temperature for a pipeline or
wellhead conditions for the well), the pressure at distance j along the pipe is given by

fG(Vj + VH)_ (p.f - ,Dj_l)
4D §

. G
p,=p; —AL sina +—(V, =V )
(1)

where

W)
[

pressure at the end of length element j (Pa)

inlet pressure for length element j (Pa)

= element length = L/N for uniform elements {m)

= total length (m) -

number of uniform length elements

Darcy-Weisbach friction factor

= mass flux = p¥, constant in the steady state (kg/s m?)
mid

mass flow rate (kg/s)

cross-sectional area of pipe or injection tubing (m?)
fluid velocity {m/s)

Glp :

fluid density (kg/m*)

pipe or injection tubing inside diameter (m)
aceeleration due to gravity (m/s?)

= orientation angle of the fiow (radians): 0 - horizontal, /2 - vertical

T
I

R DD TNATQQL ZeRE
I

il

[ | I [ |

Equation (1) is derived from a momentum balance. The three terms in brackets on the right-hand side
‘account for frictional forces, gravity forces, and fluid acceleration, respectively.

The friction factor is calculated using the Shacham equation, which is explicit in fand accurate to +1%
(Robinson 1996). The equation is given by

-2
P {_2&)45/1)]_5.02 o g[e/D +14.5}
37) Re 37 Re

(2)



where g = pipe roughness {m)

Re = Reynolds number
Re=2YD
y7

¢ = fluid viscosity (N-s/m”)

The internal energy at the end of length element f is calculated by the following equation, derived
from an energy balance

w,=u,, J{%M_(&_h)_l(ﬁ ~V})+gALsina

7 " pj pj—l 2 (3)
where u; = internal energy at the end of length element j (J/kg).
.y = internal energy at the inlet of length element j (J/kg)

Q = rate of heat transfer per unit length into the CO2 (w/m)

The first term in brackets on the right-hand side of Equation (3) accounts for the heat transfer into the
CO; streain, the second term is the change in potential energy due to pressure, the third term is the change
in kinetic energy of the flow, and the last term is the change in gravitational potential energy. Viscous
work is ignored, as is customary for flow in pipes (White 1994, p. 150).

2.2 Fluid-State Information

CO; density and internal energy are estimated from temperature and pressure using the CO; state
equation according to {Span and Wagner 1996). The state equation also allows the calculation of phase
distribution for conditions of vapor/liquid equilibrium. For the purposes of current well and pipeline
calculations the CO; is assumed to be either a liquid or supercritical fluid, and the calculation is
terminated if two-phase conditions occur.

Viscosity is estimated from the average temperature and density in each pipe element using the
correlation of Fenghour et al. (1998).

Two-phase flow could be simulated in future versions of the model; however, it is a challenging
technical problem. Momentum sinks during two-phase flow depend upon factors such as phase
distribution, flow orientation with respect to gravity, and flow regime (e.g., frothy, annular flow, and slug
flow). Different correlations, with widely varying uncertainties and levels of complexity, are typically
used to describe these various conditions.

2.3 Effects of Heat Transfer'

Heat transfer to the surroundings is calculated by

Q = U(]; _ Too) 4)
where U = overall heat conductance per unit length from fluid to ultimate heat sink (w/m-K)
T, = temperature of the ultimate heat sink (C)



For horizontal pipelines, the ultimate heat sink is the soil surface. Monthly mean temperatures at 4 in.
below the surface typically define the bounding heat sink temperatures. Steady-state heat transfer is
assumed with the thermal resistance of the steel pipe wall assumed to be negligible (i.e., the pipe is

assumed to have the same temperature as the fluid). Under these assumptions the conductance, as defined
by (Kreith and Bohn 2001), is

27AL

[ =
-1
cosh (2.7,J’DO)+ 1n(1+ t /DO)
£ g )
where ks = soil thermal conductivity (w/m-K)

L
i

depth of pipe centerline below soil surface (m)

D, = outside diameter of steel line pipe (m)
t = thickness of insulation (m)
k; = thermal conductivity of insulation (w/m-K)

The thermal conductivity of soil can vary widely. Typically, values of 2.6 and 0.35 W/m K have
been used for wet and dry soil, respectively (Kreith and Bohn 2001). To bound the heat-transfer
estimates, the higher conductivity was used for winter cases, during which the temperature difference
between the pipeline and its surroundings would be the greatest. The lower conductivity was used for
summer cases.

NOTE: While the CO- flow and pressure model supports simulation of heat transfer from the wellbore
into surrounding rock as described below, this feature has not been validated in the current moedel version
and should be used for information purposes only.

Heat transfer from the well will be a transient phenomenon, as a temperature front moves radially
outward, ultimately to rock at great distances from the well bore. Equivalent heat conductance from the
well outward is defined at a given elapsed time after injection starts by

t
Ut)= -——% D; )
i e (6)
where U(f) = equivalent heat conductance at time ¢ after flow begins (w/m-K)
Omp(f) =  heat-transfer rate per unit length at time ¢ (w/m)

It the past, equivalent conductance from the well into the rock was roughly estimated using a greatly
simplified one-dimensional radial transient finite difference model in a separate spreadsheet model (which
has not been formally reviewed and is not documented in detail here). Although not part of the CO2Flow
program, the methodology previously used to estimate the conduction from the well is briefly discussed
here for context. Besides assuming uniform rock properties all along the depth of the well, the simple
transient model also assumed a constant temperature boundary condition at the outside surface of the well
casing, while in reality the driving temperature would change as a function of time and depth. The finite
difference model ignored the relatively small thermal resistance of the injection tube wall, casing wall,
and the fluid in the annulus between them by assuming that the temperature at the outside surface of the
casing was equal that of the carbon dioxide. The thermal conductivity of the concrete seal was assumed




equal to that of the surrounding rock. Because the timescale of transient temperature evolution in the rock
adjacent to the well is much longer than the fluid residence time in the injection tube, a pseudo-steady
heat-transfer assumption was used to estimate the effects of heat transfer on the fluid temperature at a
given point in time.

While not expected to give a precise estimate of the actual transient-heat transfer from the injection
well bore to the surrounding rock, the method described above may be useful to provide a rough
approximation. The rate of heat transfer is expected to diminish over time as the temperature of the rock
near the well approaches thermal equilibrium with the fluid at a given depth. Therefore, adiabatic
conditions in the well have been considered a bounding case to approximate conditions after long petiods
of injection.

2.4 Numerical Method

The temperature and pressure at the end of each pipe element are estimated iteratively using the
Newton-Raphson method. When convergence is achieved in both state variables, the program marches to
the next pipe element. This process is repeated until the entire length has been traversed. In calculations
with an injection well following a pipeline, the conditions exiting the pipeline are used at the wellhead
inlet. No effects of fittings, valves, elbows, or manifolds are included in the current calculation.

3.0 Running the Program

3.1 Setup and Compilation

Source code for the CO2Flow program is contained in a single source file, CO2Flow.f90. The code
has most recently been used with the Intel Fortran compiler version 11.1.069 on a cluster running Red Hat
Linux Client release 5.9. Using that compiler, the program can be compiled with the following
command:

ifort —o CO2Flow.x CO2Flow.f90

The program also makes use of the physical properties file co2 prop.dat. This file is used to store a
table of physical properties at a finite number of state points that the program interpolates between. All
applications of the CO2Flow program up to this point have used the same physical properties file.

The physical properties file is generated by a separate utility program in co2_eos.f90, which can be
compiled in a manner similar to CO2Flow:

ifort —o co2_eos.x co2_eos.f90

When co2_eos.x is executed, it reads in a set of state points specified in co2_pt.dat. It is only
necessary to compile and run the co2_eos.x program once. As long as the co2_prop.dat file remains
accessible to the CO2Flow.x program, any number of flow simulations can be run using the same file.
The number and range of state points specified could be changed to improve the fidelity of physical
properties values used during CO; flow simulations. '



The files CO2Flow.f90, co2_eos.f90, and co2_pt.dat are configuration-managed using the revision
control system known as Mercurial. Mercurial generates a unique hash for each code changeset. As of
this revision of the program documentation, the current program changeset is 1:02148dfedd%4.

3.2 Execution

The executable program CO2Flow.x accepts one cormmand line argument, which is the name of the
input file. A typical execution command on a Linux cluster running the Bash shell would be:

JCO2Flow x input.inp
where “input.inp” is the input file.
Multiple runs using different input files may be un using a simple script such as:

files=$(1s *.inp)

for filename in $files; do
echo processing $filename
AJCO2Flow.x $filename
done

This script will execute the CO2Flow program using all of the files in the present directory having
.Anp extensions as input files.

3.3 Input

Program input parameters are currently read from an ASCII text file using Fortran 90-compliant list-
directed sequential READ statements. With this input method, input parameters need not be included in

any specific order, and parameters can often be added while maintaining compatibility with old input
decks. An example input file is included below.

&TNPUTPARAMS

! General Parameters

MassFlow = 41.04 ![kg/s] Mass flow rate in pipeline

StartPress = 12.41 ![MPa)] Pressure at beginning of first pipe segment

StartTemp = 4.4 '[C] Temperature at beginning of first pipe segment

IteratePress = .true., !Flag to iterate pressure to meet injection requirements

RegPress = 18.22 ![MPa] Minumum Required well bottom pressure

PressTol = 0.01 ! [MPa] Pressure target tolerance - allowable pressure above target

' First Pipe Seqgment: Vertical well segment

FracFlow({l} = 0.5 'Fraction of total flow handled by this pipe segment
Length(l) = 975.358268788481 !m] Length of pipe segment

DiscLengthil) = 1 !'[m] Discretization of pipe segment {(dx)

Diameter (1) = 0.07422 ! [m] Internal pipe diameter

OuterDiam (1} = 0 ! [m] Outer pipe diameter

IsVertical{l) = .true. !{.true. or .false.) Flag for vertical pipe

Slope{l) = 0 '[1 Sleope of segment, rise over run, negative for downslope
PipeRough{1) = 0.000046 !'[m] Absolute roughness of pipe wall {comercial steel)
SurrTemp0 (1) = 12.257936869826 ' [C] Surrcunding temperature zero order term



SurrTempl (1) 0.0182 1'[C] Surro.unding temp first corder term wrt distance {linear

variation)

HeatXFer (1) = 'none’ !Type of heat transfer calculation

HeatXFerCoeff (1} = 0. ' W/m KI Thermal conductivity of material around pipe
TnsThick (1} = 0 'Im] Thickness of insulation arcund pipe

InsCond (1) = 0 '{w/m K] Thermal conductivity of pipe insunlation

! Becond Pipe Segment: Curved well segment

FracFlow{2) = 0.5 IFraction of total flow handled by this pipe segment

Length (Z) = 397.386325221518 ! [m] Length of pipe segment

DiscLength(2) = 1 !'Im] Discretization of pipe segment (dx)

Diameter{2) = 0.07422 ! [m] Internal pipe diameter

OuterDiam{2) = 0 !'Im] Outer pipe diameter

VCurve (2) = ,true. !{.true. or .false.} Flag for curved pipe segment

Slope (2) = 0 '{] Slope of segment, rise over run, negative for downslope
PipeRough{Z2) = 0.000046 ' [m] Absolute roughness of pipe wall {(comercial steel)

12.257936869826 '[C] Surrounding temperature zero order term
0.0182 !iC] Surrcounding temp first order term wrt distance (linear

SurrTempl (2)
SurrTempl {2)

variation)

HeatXFer {2} = "nene' !Type of heat transfer calculation

HeatXFerCoeff (Z) = 0 'iW/m2 K] Effective heat transfer coefficient to surroundings
InsThick({2) = 0 ! [m] Thickness of insulation around pipe

InsCond (2} = 0 H{W/m K} Thermal conductivity of pipe insulation

/

CaselID MorgWell 080712 1

~ Comments in the above input file give units and a brief description of each of the normally used input
parameters. The use of some input parameters is explained in more detail below.

IteratePress, StartPress, ReqPress, and PressTol

The program moves sequentially from one end of the flow stream to the other. State variables at the
end of the last pipe segment are therefore determined by the state variables at the beginning of the first
segment and the various other model parameters. When the parameter [teratePress is set to “.false.”, this
calculation is performed once. In some cases it is desirable to specify the pressure at the end of the fast
segment {e.g., the required pressure at the bottom of an injection well) and automatically adjust the inlet
pressure in order o achieve this value. This is done by setting [teratePress to “.true.”. In this case,
StartPress is simply used as in initial value for the pressure at the inlet of the first pipe segment. The
desired pressure at the end of the last segment 1s input as parameter ReqPress. The parameter PressTol
specifies how close the pressure must be to the required value. Note: the pressure at the end of the last
segment will always be above the required pressure in a converged solution.

IsVertical(}

The IsVertical flag is used to specify a vertical pipe segment with a value of “.true.”. in this case the
Slope() parameter is ignored and normally set to zero. Any finite value of slope (rise over run) may be
specified when IsVertical is set to “.false.”. A negative value for Slope signifies a downward sloping pipe
rum.



SurrTempO() and SurTemp1()

The SurrTemp parameters allow a linear temperature relationship to be specified as a function of the
linear distance along the current pipe segment. The temperature of the ultimate heat sink surrounding the
pipe therefore has the form

T = SurrTempQ + SurTempl - x
(7

For a single, constant temperature along the entire length of the pipe segment, SurTemp1() would be
set to Zero.

HeatXFer()

The parameter HeatXFer() is used to specify the heat-transfer model to be used for a given pipe
segment. There are two valid character string values for this parameter that result in heat transfer over the
pipe segment. Setting the parameter to “surface’ specifies the vuse of the Kreith and Bohn approximation
for heat transfer from a buried pipeline (Kreith and Bohn 2001). Setting the parameter to ‘coefficient’
specifies the use of a single effective heat-transfer coefficient, which is input as the parameter
HeatXFerCoeffl). Any other value for the parameter HeatXfer() will result in adiabatic conditions over
the pipe segment (i.e., zero heat flux to surroundings).

InsThick() and InsCond()

For non-adiabatic models, the resistance to heat transfer may be increased by adding a layer of
insulation around the pipe using parameters InsThick() and InsCond(}, which specify the thickness and
thermal conductivity of the insulation, respectively.

VCurve() and CurveRad()

VCurve() is a logical flag that specifies a curved piping segment when its value is “.true.”. The
default value is “.false.”. VCurve() = “true.” is used to specify a section of pipe which curves from
vertical to horizontal in a vertical plane. This feature represents a well in which directional drilling has
been used to transition between a vertical access well and a horizontal injection zone. Friction, gravity,
and heat-transfer effects are calculated for each element of the curved section. By default, it is assmmed
that a full 90 degree bend (one quarter of a perfect circle) is accomplished over the length of the pipe
segment. In this case the radius of curvature would equal the length of the pipe segment divided by a/2.
It is also possible to specify a different radius of curvature through the parameter CurveRad(), which
specifies the radius in meters.

The example input file includes two pipe segments: one vertical and one curved. The program
version supports up to five sequential segments, but this value could be easily increased in the Fortran
code if necessary. The program begins at the first segment, and proceeds until it encounters a segment
with zero length (zero is the default value for the Length{) parameter).



3.4 Output

Simulation results are output as ASCII text files. The output files have a tabular format, with a
column for each output variable and a row for each discrete element along cach pipe segment. Excerpts
from an example output file {corresponding to the input file given in the previous section) are shown in
Appendix A.

“Distance™ is the linear distance in meters along the current pipe segment. “Pressure”,
“Temperature”™, “Density”, and “Viscosity” are the local fluid properties in the units shown. “Int Energy™
is the local fluid specific internal energy in J/kg, while “Entropy™ is the local fluid specific entropy in
Jikg K).

“Int Heat™, “Int Fric DP”, and “Int Grav DP” are, respectively, total heat transferred, total pressure
drop due to friction, and total pressure change due to gravity, integrated over the length of the pipe
segment. These values are typically used to check relative magnitudes of the various effects and verify
consistency and reasonableness of the results.

3.5 Limitations

The current version of the code limits the number of consecutive piping segments to fiveé, Input and
output filenames are limited to 30 characiers.

As described in Section 2.2, the current version of the code is limited to flow regimes in which the
liquid-vapor transition line is not crossed at any point along the flow path.
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Summary

This report documents an analysis conducted in response to a Request for Additional Information
from the U.S. Environmental Protection Agency about the FutureGen Industrial Alliance, Inc.’s
(Alliance’s) Revision 1, Underground Injection Control (UIC) Class VI Injection Well Permit
Applications for FutureGen 2.0 Morgan County UIC Wells 1, 2, 3, and 4 SUPPORTING '
DOCUMENTATION. The objective of the analysis was 1o assess whether an Area of Review (AoR)
determination, which was based on the maximum extent of the predicted supercritical carbon dioxide
(scCQ,) plume, is also protective of the lowermost underground source of drinking water (USDW) from
the induced reservoir pressure front at the FutureGen 2.0 site. The scenario investigated is focused brine

 leakage along damaged plugged and abandoned or poorly constructed wells. A recent study published by
Lawrence Berkeley National Laboratory (LBNL) researchers detailed an approach for assessing well
leakage scenarios that includes an analytical model for multi-layered systems. A common limitation of
simple well leakage assessments is that they neglect the impact of permeable units below the USDW.
The presence of these permeable units can act as thief zones and reduce the flux of brine to the upper
layers.

There are three major permeable units at the site between the primary caprock and the lowermost
USDW. The closest well that penetrates the caprock outside the predicted scCO, plume extent (~2 km) is
located 26 km away. Brine flux into the permeable layers and USDW was estimated using the LBNL
analytical model for wells at two locations (2 km and 26 km). Layer thicknesses at the site were used
along with conservative estimates for their hydraulic properties. The effective permeability range for the
zone around a damaged, plugged, and abandoned or poorly constructed well is not well constrained;
however, researchers have categorized these wells by leakage potential (low, medium, high, and extreme}.
The highest permeabilities published for the High and Extremely High leakage potential categories were
used for conservative estimates.

Simulation results of these cases showed very small volumes of brine leakage into the lowermost
USDW at the two well locations. Most of the focused leakage from the reservoir discharges into the first
permeable unit above the caprock. This analysis indicates that the AoR defined by the maximum
predicted extent of the scCO; plume would also be protective of the USDWs from the induced pressure
front under these scenarios.
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underground source of drinking water

vil






Contents

B E 0101 Y OO OO iii
ACKTOWIEUZINEIILS e vv v evesieercreriesesrscsn st et e sttt amt st re et et ee et e s e ek bbb e bab e e s b bbb b sb e v
Acronyms and ABDrevIations .. vii
To0 IEPOAUOTION .ot e et e i b bt b e s s see e st s abe s s e s raE e smaaeaseesme e s e nranresansensnesen 1

1ol OBJEOLIVE coviereierreiinrerimimsaeseasessesreeesme e srs e s s e srenrese e st rme e e ssebesb s e sansassaranesresaenesansasrnsnns 1

1.2 Related Considerations.....ccumiereresrerreoresssseermerasrerermaessoramesssosessmsmsemsssmsassseesseessseamrensans 1
2.0 Analytical APPrOaCch. ..ot b e 2
3.0 MOAE] DIESCTIDIOM cevereeruereene e eceneneeceneereresee e e ettt e et eaca e e as saeatoae shsaaansaasisbss s s b e i bans 4
4.0 MOdel Paramelers ..o ettt ee e st e s e n et n e e n e r e srens 5
S0 RESUIES ottt sttt tear et s et sr e er e e et ras e s s n e e rn e e e e art s saearnareaeressrerareraessers 1O
6.0 CONCIUSIONS ...vverienreeterieeirtere e ee e e st e st et s e e se e et s s v m e e s b e ner e esaea Rt s e pessrn T s ranpanpatasnssnrearrans 19
T RETEIEICES ...ocveeeereceeercecceceeeeseereersneererreraesasssesrosnecsssasesseresseeseeecsameassenmse e somseemresns e s e seeessecsmen 21

Figures

1 Location of the FutureGen 2.0 site and closest wells that penetrate the Mount Simon

BT 116 110 T U OU U OU
2 Diagram of the Criswell borehole at the Waverly well field ...
3 Diagram of FGA#] borehole at the FutureGen 2.0 SIe.......coov v cereenee e 7
4 The seCO, density calculation for ambient conditions ..o vcrecerrecersviisnesisnn. 10
5 The scCO; density calculation for higher pressure conditions, 400 psi greater than ambient
PIEESSIITE - eeieeeeteetereesteetestessstesseneessansanseassse e e ae s astane £ ama s e s e aaesatan s e aansman s s eran s ae T aan e e s e rassan s s eranrnes .1
6  Comparison of pressure buildup within the Mount Simon unit between UIC Permit Model
and ASLMA Model results for the FGA#1 borehole and the Criswell borehole ............. e 12
Waverly field well — top of High Leakage Potential Category .....occcviinniicinninnns s 14
FGA#1 borehole — top of High Leakage Potential Category ................. evrsereni e sae s ens s ransons 15
9  Waverly field well — top of Extreme Leakage Potential Category ......ccccocoevevvcercenccrrcceccceceee. 16

10 FGA#1 borehole — top of Extreme Leakage Potential Category ..o 17

Tables

Summary of properties used in ASLMA focused leakage model for FutureGen 2.0 site............. 8
2 Summary of simulated cumulative fluxes after 100 vears .....ooorvrrencecnneens SOUTURROOPRROUON 18

ix






1.0 Introduction

The FutureGen Industrial Alliance, Inc. (Alliance) prepared supporting documentation for its
Underground Injection Control (UIC) Class VI permit applications for the construction and operation of
four injection wells in Morgan County, lllinois, for the injection of carbon dioxide (COz2). Upon
reviewing the supporting documentation, the U.S. Environmental Protection Agency (EPA) issued several
Requests for Additional Information (RAIs). RAI 11-14-2013, Regarding FG-RPT-017, Revision 1,
SUPPORTING DOCUMENTATION: Urnderground Injection Control Class VI Injection Well Permit
Applications For FutureGen 2.0 Morgan County UIC Wells 1, 2, 3, and 4 included a comment (RAT 11-
14-2013_018) about the calculation of critical pressure. It recommended that the Alliance explore
alternative methods for determining critical pressure—methods such as those described by Nicot et al.
{2008); Birkholzer et al. (2011}; or Bandilla et al. (2012).

1.1 Objective

The objective of the analyses described in this report was to assess whether the Area of Review
{AoR) determination, which was based on the maximum extent of the supercritical carbon dioxide
(scCOy) plume, is also protective of the lowermost underground source of drinking water (JSDW) from
the induced pressure front from scCO, injection.

1.2 Related Considerations

This calculation must consider the potential for brine migration into aquifers and USDWs along
plugged and abandoned or poorly constructed wells that penetrate the caprock, driven by the reservoir
pressure increases associated with scCO; injection. As noted by many authors, and shown in results from
our injection modeling, the extent of the pressure increase during scCO, injection is larger than the extent
of the scCO, plume. However, this extended region of increased pressure does not necessarily result in
an increased risk to USDWs when mitigating factors are considered.

As discussed by Birkholzer et al. (2011), determination of a static critical threshold pressure for flow
of brine up an open conduit or damaged borehole (e.g., substandard well completion, deteriorating seal in
abandoned well, or near-borehole drilling-related formation damage) may not be applicable for cases
where permeable units exist between a deep injection reservoir and lowermost USDW, because the open
conduit approach does not account for lateral flow outside the conduit or casing and into these permeable
zones. The effective permeability around a damaged plugged and abandoned or poorly constructed well
would be smaller than in an unplugged well casing (i.e., open conduit) and would permit brine to flow
into intervening permeable formations (i.e., thief zones). Birkholzer et al. (2011) stated that a model is
required to analyze these dynamic and transient impacts.

At the FutureGen 2.0 site in Morgan County, lllinois, many potential thief zones exist 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 drilling activities related to the
FutureGen 2.0 stratigraphic borehole [FGA#1], indicating extremely high-permeability conditions}, an
3) the New Richmond Sandstone. '



2.0 Analytical Approach

The analysis reported here followed the approach detailed by Birkholzer et al. (2013) for analyzing
the impacts of the focused leakage of brine up a damaged, plugged, and abandoned or poorly constructed
well based on the pressure buildup caused by scCO; 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. The ASLMA analytical model was selected for this 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 FutureGen?2.0 site, an assessment was conducted of the
impacts on the lowermost USDW from focused leakage at the closest well outside the maximum extent of
the s¢CO; plume that penetrates the caprock; this well is the Criswell borehole at the Waverly field,
which is 26 km from the center of the FutureGen 2.0 injection wells. Cases were also run for
astratigraphic borehole, FGA#1 (which will be completed as a monitoring well), that is located near the
maximum extent of the predicted scCO, plume approximately 2 km from the centroid of the injection
well laterals. Figure 1 shows the location of the closest wells that penetrate the primary caprock above
the injection reservoir around the FutureGen 2.0 site. The results of the cases run at these two selected
locations 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 in the context of focused brine leakage from damaged, plugged,
and abandoned or poorly constructed wells.
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3.0 Model Description

The ASLMA_V3 analytic model (Cihan et al. 2011), which is implemented as a Fortran 90
calculational code, was used for the analyses discussed in the report. Additional examples, of the
application of ASLMA_V3 are described by Cihan et al. (2013). Pacific Northwest National Laboratory
(PNNL}) has obtained the ASLMA V3 source code, executable computer file, and sample problems from
the authors at Lawrence Berkeley National Laboratory (LBNL). The model applies to single-phase,
isothermal fluid flow for focused leakage around wells and/or diffuse leakage through aquitards in a
multilayered aquifer system that results from the transient pressure field created during reservoir
injection. The model requires specification of the permeability, specific storage, and unit thickness of the
reservolr, aquifers, and aquitards. Because the simulation option of solving only for focused leakage into
aquifers around a borehole was used in this analysis, aquitard permeability and specific storage were not
used in the model. The model also requires borehole radii and effective permeabilities for the damaged
zone around the borehole for each segment of the aquifers and aquitards it encounters. Initial conditions
for the model assume a hydrostatic pressure gradient. The model does not account for brine density
differences, but this simplifying assumption is conservative because the volume of freshwater leakage

calculated for each permeable unit would be larger than if higher-density reservoir fluid were used in the
calculation. |

The “ASLMA_V3.exe” executable supplied by LBNL was verified by rerunning the test cases
published by Cihan et al. (2011). The test cases developed and discussed by Cihan et al. (2011) for
verification included cases for comparison with earlier published models and results. The output files of
the simulation runs at PNNL for these test cases were the same as the output files of these test cases
supplied by LBNIL..

Runs were also conducted on another version of this code, ASLMA V3 initialheads, which allows
initial hydraulic head values to be specified for each of the aquifer units, This removes the hydrostatic
head initial condition limitation of the ASLMA V3 code. The source code and executable were supplied
to PNNL by the code author at LBNL. No published results of simulations with the “initialheads” version
of the code or version-specific test problems were available; however, one set of input and output files
was supplied by the author. We reran this case at PNNL with the supplied executable and the output files
that were obtained matched the LBNL output files. Another test of this code was conducted by
comparing the results of a case where the initial hydraulic head values were set to the same values as the
hydrostatic head. The results of this case were similar to the results using ASLMA V3. One initial issue
in using ASLMA_V3_initialbeads was the observation of oscillations in the results for very small leakage
rate values (i.e., in the upper layer of the model). This oscillation issue was not encountered with the
ASLMA_V3 code. We contacted the code author about this problem and he tested the problem and
recommended changing a solution control parameter in the input file in a manner to reduce the round-off
errors for the code. The solution in the ASLMA_V3_initialheads version involves additional terms
because of the non-hydrostatic initial conditions, hence the round-off errors were causing fluctuations in
the very small (practically zero) fluxes.



4.0 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
caprock. 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 measurement
for a range of wells (e.g., Crow et al. 2010; Gasda et al. 2013; Duguid 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 Leakage Potential Category (0.5 to 8 mD) and Extreme Leakage Potential Category (8 to
10,000 mD) (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 segments (instead of variable
borehole permeability for each segment), which provide conservative results based on the analysis of
Celia et al. (2011).

The results from this analysis are reported as 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. Well locations are shown in Figure 1. The two wells used in
this analysis were 1) the Criswell borehole at the Waverly field 26 km southeast of the center of the
FutureGen 2.0 injection wells (which isthe closest borehole that penetrates the Mount Simon Formation
outside the predicted scCO;, plume), and 2) the FGA#1 borehole that will be completed as a monitoring
well located at a distance of 2 km from the center of the injection wells, which is near the maximum
extent of the predicted scCO, plume. Criswell and FGA#1 borehole diagrams are shown in Figure 2 and
Figure 3, respectively.

Thicknesses and properties for the layers in the model are shown in Table 1. Layer thicknesses are
taken from the characterization/stratigraphic borehele (FGA#1) drilled at the FutureGen 2.0 site
(Table 6.1 of Battelle [2012]). Adjacent aquitards are lumped into a single unit as required for the model
because the code input structure only allows for a sequence of alternating aquifers and aquitards. The
thickness of the reservoir was calculated by combining the upper permeable portion of the Mount Simon
that was targeted in the UIC permit injection model and the Elmhurst member of the Eau Claire
Formation.

Hydraulic properties are not listed in Table 1 for the aquitards because flow into these units is not
calculated for the focused leakage-only model of ASLMA. Aquifer property determinations for the units
other than the injection reservoir are listed in the footnotes of Table 1. Hydraulic properties for the
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Figure 2. Diagram of the Criswell borehole at the Waverly well field (September 2012).

single-layer injection reservoir were based on fitting the simulated reservoir pressure responses from the
injection model used in the UIC Permit Application at the two well locations of interest (described in
more detail below).

Permeability values for the Potosi Dolomite, potentialty the most permeable unit between the caprock
and the lowermost USDW based on the five lost-circulation zones encountered during the initial
characterization well drilling through this unit at the site, have not yet been determined for the site.
Aquifer testing of this unit is planned during the next drilling campaign at the site. The Potosi Dolomite
is described as a vuggy dolomite at the site and in other localities in the Illinois Basin. Preliminary
estimates using a very conservative analysis based on the fluid losses during drilling indicate that the
permeabilities of the lost-circulation zones are at least 5,000 mD. The permeability of the Potost
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Figure 3. Diagram of FGA#1 borehole at the FutureGen 2.0 site (Figure 3.1 from PNWD-4343 [Battelle

2012]).




Dolomite at the Cabot waste injection well in Tuscola, Illinois, has been reported as 9,000 mD. Greb et
al. (2009) listed permeabilities of core samples measurements for the Copper Ridge Formation, a vuggy
dolomite similar to the Potosi, for a DuPont waste injection well in Louisville, Kentucky. The average
horizontal permeability for the Copper Ridge Formation at the Louisville site, as reported by Greb et al.
(2009), was 60 mD with the values ranging up to 632 mD. However, measurements of the permeability
of core samples cannot capture the larger-scale permeability of solution cavities or fractures within this
unit. The base case for this analysis uses the 9,000-mD value reported for the Tuscola site (see Table 1).
Cases were also run using the much lower value of 60 mD based on the average for the Copper Ridge
Formation at the Louisville, Kentucky site.

Table 1. Summary of properties used in ASLMA focused leakage model for FutureGen 2.0 site.

Unit Thickness Hydraulic Conductivity Specific Storage™
St. Peter Sandstone 202 ft(61.6m)  1.18E-5 m/s (1,220 mD)®" 1.0E-6 m™

New Richmond Sandstone 102 £ (31.1 m) 2.2E-6 m/s (230 mD)®
5t IHOLR

Potosi Dolomite 276 ft (84.1 m) 9.E-5 m/s (9,000 mD)® 1.OE-6 m™

Ironton Sandstone

ok
Lower Eau Clair (Elmhurst) and Upper 330 ft (100 m) 7.6E-7 m/s (79 mD)® 22E-6 m'®
Mount Simon

(a} Specific storage for units other than reservoir: default value calculated based on mid-range of compressibility
for sound rock (Table 2.5 of Freeze and Cherry [1979]). Specific storage not used for aquitards.

(b) St.Peter: Permeability from Waverly Project listed by Buschbach and Bond (1967, 1974). Measurement could
be air permeability (water permeability would be lower).

(¢} New Richmond: Geometric mean of a large number of samples (38) analyzed for air permeability (water
permeability would be lower) from the New Richmond Formation at the Waverly site (Core Laboratories
1966).

{d) Potosi: Value reported for Potosi at Cabot Waste Injection Well in Tuscola, Illinois (see discussion in text for
details).

(e) Ironton: Average of representative samples from sidewall core analyses (horizontal permeability, Klinkenberg
from standard core permeability analysis and Swanson from high pressure mercury injection analysis) on
samples from FGA#1 (stratigraphic characterization) borehole at the FutureGen 2.0 site (Whitney et al. 2012).
Similar to geometric mean of a large number of samples (33) analyzed for air permeability from the Ironton
Formation at the Waverly site (Core Laboratories 1966).

(f} Reservoir: Hydraulic properties (hydrautic conductivity and specific storage) based on fit of simulation
pressure results from UIC Permit Injection model (see text for details).

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 Figure 4 and Figure 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,
density (calculated at 400 psi higher) was applied from 5 to 20 years. The resulting water-injection rates
were 0.0470 m’/s (years 0 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
Mount Simon/Elmhurst injection layer to fit the pressure responses from the UIC permit injection model
at the FGA#! borehole (2 km from the center of the injection well laterals) and Waverly field Criswell
borehole (26 km from the center of the injection well laterals). A manual fitting process was used (see
comparison 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 for the FGA#1 and Waverly
boreholes in the injection layer were mostly higher than the UIC permit model. This is conservative for
this analysis because slightly greater pressures in the injection reservoir would lead to greater leakage at
the well locations. The ASLMA model-predicted pressure at the injection well is much greater than the
UIC permit model-predicted injection because we simulated only a single vertical well (instead of the
four horizontal wells in the UIC permit model) and water injection (with a higher density and viscosity
than s¢CQ,) with the equivalent reservoir displacement of the scCO,. Leakage at the injection well was
not part of this analysis, so this pressure difference did not affect the results (i.e., only transient pressures
at the Waverly well and FGA#1 borehole were used in calculating the focused leakage into the upper
units along these wells). '

As shown in Figure 2.30 of the UIC Permit Application, the hydraulic heads in the Mount Simon -
Sandstone are higher than the St. Peter Sandstone {with differences of up to 18.8 m). We used the EPA
Threshold Pressure Calculation (Equation 4 of EPA 2011) along with the pressure measurements from the
St. Peter and Mount Simon from the characterization borehole (Tables 4.4 and 4.7 in Battelle 2012) to
also estimate the increase in hydraulic head (above hydrostatic) to specify initial conditions for the
reservoir. The hydraulic head difference from the EPA method was 25 m. For the cases run with
ASLMA V3 initialheads, the initial head for the reservoir was set to 25 m above hydrostatic pressure.
The initial conditions for hydraulic heads in the aquifers above the reservoir were set to hydrostatic
values.
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5.0 Results

Results for the simulated leakage for the Waverly field well (Criswell borehole, 26 km from the
center of the injection well laterals) are shown in Figure 7 for the High Potential Leakage Category
(8 mD). Figure 7 shows the total leakage from the reservoir and leakage into each of the permeable units
‘above the caprock up to the St. Peter (lowermost USDW). The plots in Figure 7 show the fluxes over the
100-year simulation period and the cumulative leakage volume. A plot is also included, using a log scale,
of cumulative leakage for the units above the Ironton (Potosi, New Richmond, and St. Peter), because
these values are much lower than those for the Ironton.

Similar results for the FGA#1 borehole (at the 2-km distance) for the High Leakage Potential
Category (8 mD) are shown in Figure 8. The simulated fluxes and cumulative leakage volume for the
FGA#1 borehole are higher than those for the Waverly well, given the higher pressures at the closer
jocation,

Figure 9 and Figure 10 show the simulation results for the two simulated locations { Waverly and
FGA#1, respectively) using the top of the Extreme 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 simulated cumulative leakage volume estimates at 100 years for each of the
permeable units for comparison of the case results. Also reported in Table 2 are the results for the
variations of the Extreme Potential Leakage Category cases for the two well locations. The Extreme
Potential [.eakage Category cases were selected because they had the highest leakage rates into the
lowermost USDW. As discussed in Section 4.0, the variations include reductions in the permeability of
the Potosi Dolomite (from 9,000 mD to 60 mD) along with results using the ASLMA V3 initialheads
code with the initial reservoir hydraulic heads set to 25 m higher than the hydrostatic initial conditions
used in the other cases.
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Table 2. Summary of simulated cumulative fluxes after 100 years.

Reservoir
{Mount New
Simon and Tronton Potosi Richmond St. Peter
Elmhurst)  Sandstone  Dolomite  Sandstone  Sandsione
Yolume Volume Volume Volume Volume
Case (m’) (m") (m*) (m’) (m*)

FGA#1 (2 km) — High Leakage Potential -13.04 i3.04 3.13E-04 7.93E-12 1.80E-17
FGA#1 (2 km) — Extreme Leakage Potential -1.60E+04  1.55E+04 465.1 LATE-02 4.16E-05
FGA#1 (2 km) — Extreme Leakage Potential, -1.60E+04  1.55E+04 460.6 1.876 5.33E-03
Lower Potosi Perm Case

FGA#I (2 km) — Extreme Leakage Potential, -3.46E+04  3.36E+04 991.3 3.09E-02 8.66E-05

Higher Initial Heads in Mt. Simon
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6.0 Conclusions

- Simulation results from the base cases (High and Extreme Leakage Potential) for the closest well
outside of the predicted extent of the scCO, plume (Waverly field, 26 km from the center of the injection
area) show that the leakage of brine into the lowermost USDW from a damaged, plugged, and abandoned
or poorly constructed well, even considering extremely conservative parameter estimates, is very small.
As shown in the first two rows of Table 2, a volume of only 1.71 x 10 m® (0.00171 L) or less leaks into
the lowermost USDW over a period of 100 years. The simulation results show that 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 below
the lowermost USDW [St. Peter Sandstone]). The simulated cumulative brine leakage volume from the
reservoir over 100 vears for the Extreme Leakage Potential Category (2,273 m’ total or 62 L/day over this
period) was mostly (i.e., 98%) into the Ironton Sandstone, as shown in Table 2. This reservoir leakage
volume represents roughly 0.008% of the total scCO, injection volume (using an equivalent water-
injection volume of 2.82 x 10" m’ for 1.1 MMT/yr of scCO, based on s¢CO, densities discussed above
over a 20-year period) for the Extreme Leakage Potential Category and much less for the High Leakage
Potential Category.

Base-case simmiation results for a well near the outer extent of the simulated scCO, plume (FGA#1, 2
km from the center of injection area) also resulted in very low volumes (4.16 x 10° m’ [0.0416 L] or less
over 100 years) of brine leakage into the lowermost USDW from a damaged, plugged, and abandoned or
poorly constructed well. The Extreme Leakage Potential case at this well location did show significant
leakage into the Ironton Sandstone and the Potosi Dolomite units, though both are well below the
lowermost USDW. For the FGA#1 borehole, the simulated cumulative brine leakage volume from the
reservoir over the 100-year period for the Extreme Ieakage Potential Category (16,000 m* total) was also
mostly (i.e., 97%) into the Ironton Formation (Table 2). This results in 2,190 L/day over a 20-year
period, which is an average over a shorter time period than was used above for the Waverly well because
fluxes drop off quickly after injection is over at this location. This reservoir leakage volume for the
Extreme Leakage Potential Category represents roughly 0.06% of the total scCO; injection volume and a
much smaller volume was predicted for the High Leakage Potential Category.

Additional cases were run with lower permeability values for the Potosi (60 mD [5 .8E-7 m/s]) based
on the average listed for the Dupont Waste Injection Well in Louisville, Kentucky, for the Copper Ridge
Formation, a vuggy dolomite similar to the Potosi (Greb et al. 2009). The results of these cases using the
average value still showed very small amounts of leakage into the lowermost USDW over 100 years for
both the Waverly field distance (0.219 L) and the FGA#1 borehole distance (5.33 L) for the Extreme
Leakage Potential Category (see Table 2). Note that this lower permeability resulted in a smaller flux to
the Potosi Dolomite that was partially offset by higher fluxes in the New Richmond Sandstone.

Results from the ASLMA_V3 _initiatheads variation runs, with the initial conditions for hydraulic
heads in the reservoir set to 25 m greater than hydrostatic, are presented in Table 2 for the two well
distances for the Extreme Leakage Potential Category. The cumulative leakage volumes over 100 years
into the lowermaost USDW are still very low for both wells (0.0108 L. for Waverly and 0.0866 L. for
FGA#1). However, as shown in Table 2, there were large increases in the total loss from the reservoir
and leakages into the Ironton Sandstone and Potosi Dolomite. It should be noted that the difference
hetween the increased fluxes in this case compared to the base case would roughly be equivalent to the
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natural leakage along a damaged, plugged, and abandoned or poorly constructed well prior to any scCO»
injection at the FutureGen 2.0 site (i.e., driven by ambient conditions in the area).

Results from this modeling evaluation indicated that, under site conditions, operations-related
pressure increases will not result in brine migration through damaged, plugged, and abandoned or poorly
constructed wells extending above 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.
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