A & M Engineering and
Environmental Services, Inc.
Consulting - Design - Construction - Remediation

May 24, 2026

Ms. Hillary Young, P.E.

Chief Engineer

Land Protection Division

Oklahoma Department of Environmental Quality
P. O. Box 1677,

Oklahoma City, Oklahoma 73101-1677

RE: Response to Notice of Deficiency (NOD) Letter Dated March 5, 2026
Class I Non-Hazardous Injection Well Operating Permit Renewal Application
Well ID: MES #1
Mid-Way Environmental Services, Inc.
Lincoln County, Oklahoma
Operating Permit No. IW-NH-41001-OP

Dear Ms. Young:

On behalf of Mid-Way Environmental Services, Inc. (MES), A & M Engineering and
Environmental Services, Inc. (A & M) respectfully submits this letter and attachments in response
to the Notice of Deficiency (NOD) letter dated March 5, 2026, regarding MES’s Class | Non-
Hazardous Injection Well Operating Permit Renewal Application.

The format utilized in responding to the NODs includes a citation of the individual NOD and the
prepared response. For convenience of review and where applicable, revised figures and tables
are included with the individual NOD response.

In order to provide a re-assessment of certain calculations and interpretations previously submitted
to DEQ, Mid-Way contracted the services of Evren M. Ozbayoglu, PhD, a Professor of Petroleum
Engineering and the Director of Drilling Research Project at the University of Tulsa (TU).

The deficiencies cited in the March 5, 2026-letter have been addressed in sufficient detail with
respect to the general conditions and operation of the Mid-Way Class | Non-Hazardous Injection
Well and believe approval of the renewal of Operating Permit is appropriate.



If you have any questions on this matter, or if you require any additional information, please do
not hesitate to call me on (918) 665-6575 or email me at omohammad@aandmengineering.com.

Sincerely,
A & M Engineering and Environmental Services, Inc.

Orphius Mohammad, PhD., P.E.
Senior Environmental Engineer

cc: Tolga Ertugrul, P.E., President, MES
Evren M. Ozbayoglu, PhD, TU

Enclosed: NOD Response



MID-WAY ENVIRONMENTAL SERVICES, INC.
CLASS | NON-HAZARDOUS WASTE INJECTION WELL
MES #1
PERMIT NO. IW-NH-41001-OP

RESPONSE TO NOTICE OF DEFICIENCY LETTER
DATED MARCH 5, 2026

MID-WAY

ENVIRONMENTAL SERVICES, INC.

PREPARED FOR:
MID-WAY ENVIRONMENTAL SERVICES, INC.
120 NORTH 8™ AVENUE
STROUD, OKLAHOMA 74079

MAY 24, 2026

PREPARED BY:

A & M ENGINEERING AND ENVIRONMENTAL SERVICES, INC.
10010 EAST 16TH STREET
TuLsA, OKLAHOMA 74128-4813
PHONE (918)-665-6575 & FAX (918)-665-6576
EMAIL: aandm@aandmengineering.com

CERTIFICATE OF AUTHORIZATION NUMBER 1326

A & M Engineering and
Environmental Services, Inc.
Consulting - Design - Construction - Remediation




MID-WAY ENVIRONMENTAL SERVICES, INC.
PERMIT RENEWAL APPLICATION
OPERATING Permit No. IW-NH-41001-OP

FOR MES #1
TABLE OF CONTENTS
SECTION PAGE
COVER LETTER

1 (D] == [0 1= N (oA 2 1 [ 0t KT 4

2 (D] = = [od [ =1 N[0 20 N [ 1T 9

3 (D)1= = [od | =1 N (020 N [ 1 TP 12

4 (D] == [ =1 N (oA 2 1 [ S 41

5 DEFICIENCY NO D et e e e s e e e e s aaa s 48
m A & M Engineering and i Mid-Way Environmental Services, Inc.
Environmental Services, Inc. Stroud, Oklahoma



FIGURES

FIGURE PAGE

FIGURE 3-1: Pressure increase as a function of radial distance from the wellbore....................... 26
FIGURE 3-2: Pressure increase at ZEI (r=4904 ft) as a function of time, with flow rate data....... 27
FIGURE 4-1: Hall Plot for Mid-Way Class I Injection Well [(a) Hall Integral (Primary Vertical
Axis) (b) Analytical Hall Derivative (Secondary Vertical AXiS)] .......c.coovvvenine 42
FIGURE 4-2: Hall Plot for Mid-Way Class I Injection Well [(a) Hall Integral (Primary Vertical
Axis) (b) Revised Hall Derivative using the graphical calculation for the slope of
the Hall integral (Secondary Vertical AXiS)] .....coveiiiiiiiiiiiiiiiii e 43
FIGURE 4-3: Hall Plot for Mid-Way Class | Injection Well (a) Hall Integral (Primary Vertical
Axis) (b) Analytical Hall Derivative (Primary Vertical Axis) (c) Seismic Activity

within 10 miles radius (Secondary Vertical AXiS)] .....cvvvveiiiiiiiiiiiinnnen..n 44
m A & M Engineering and " Mid-Way Environmental Services, Inc.
Environmental Services, Inc. n Stroud, Oklahoma



APPENDICES

APPENDIX - A Wyoming Department of Environmental Quality Guidance Document
Number 1 — Permitting of Class I Injection Wells

APPENDIX - B Schlumberger Transient Analysis Report October 15, 2010

APPENDIX - C Response to Notice of Deficiency Letter Dated October 9, 2013 - Response
to Deficiency Number 6

APPENDIX - D Well Completion Report for Twin Cities Saltwater Disposal Well —
Oklahoma Corporation Commission

APPENDIX - E MES-1 2024 and 2025 PFT Report

APPENDIX - F Response to Notice of Deficiency Letter Dated October 9, 2013 - Response

to Deficiency Number 7

APPENDIX - G Analysis on Hydraulics during Injection Process, and, Pressure Distribution
within the Formation by Evren M. Ozbayoglu, December 2013

APPENDIX - H Schlumberger Re-evaluation of MES October 2010 PFT by Yosmar
Gonzalez, January, 2014

APPENDIX - | MES’ Response to NOD Letter Dated May 19, 2025, Table 8: A Summary
of the Bottomhole Pressures measured at the end of Shut-In period, recorded
during annual PFTs

APPENDIX -J Table 5: Existing MES-1 UIC Permit - maximum allowable injection

pressures for various specific gravities of injectate

m A & M Engineering and i Mid-Way Environmental Services, Inc.
Environmental Services, Inc. Stroud, Oklahoma



DEFICIENCY NO 1

In Deficiency No. 2 of DEQ's May 19, 2025 NOD, DEQ asked Mid-Way to provide evaluations
and methods used to determine the fixed Area of Review (""AOR"), including calculations for
the zone of endangering influence ("ZEI'"). In response, Mid-Way provided the injectant front
calculation by volumetric calculations. Please include dispersion into the volumetric calculations in
order to evaluate its effect. Please also provide a calculation of the ZEI, as previously requested,
using the Modified Theis equations in 40 C.F.R. § 146.6(a)(2).

RESPONSE:

The Zone of Endangering Influence (ZEI) using the Modified Theis equation in 40 C.F.R. §
146.6(a)(2) as adapted in the “Underground Injection Control (UIC) Program Water Quality
Division — Guidance Document Number 1, Permitting of Class I Injection Wells”, developed by

the Wyoming Department of Environmental Quality (see Appendix A) is calculated as shown:

. 2250700
'= 1o

4“0"0% &
0= 0
230

r = Radius of endangering influence from injection well (length)
K = Hydraulic conductivity of the injection zone (length/time) =0 —

k = formation permeability

> = Density of the fluid in the injection zone

“ = Viscosity of the fluid in the injection zone
H = Thickness of the injection zone (length)
t = Time of injection (time)
S = Storage coefficient (dimensionless) =% 6 0

% = Porosity

0 = Compressibility
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Q = Injection rate (volume/time)
B = Observed original hydrostatic head of injection zone (length)
W = Hydrostatic head of underground source of drinking water (length)

G = Specific gravity of fluid in the injection zone (dimensionless)

The Modified Theis equation assumes a constant injection rate over the evaluated period. In this
case, the projected future injection rates are substantially higher than the historical injection rates.
Consequently, applying the projected future injection rate retroactively from the onset of injection
activities in 2015 would produce an unrealistically large Area of Review (AoR) and would not be
valid since over a decade of operational data exists. To address this limitation, one must first
estimate the recent average formation pressure in the vicinity of the well using static pressure
measurements. The Pressure Falloff Test (PFT) conducted at the end of 2024 was selected for this
purpose since the pressure gauge was set at depth of 5,340 ft, which is consistent with historical
events. Please note, material obstruction was encountered above a depth of 5,340 ft during the
2025 PFT event so the pressure gauge was set to a depth of 5,228 ft. Maintenance was conducted

following the 2025 PFT event and this obstruction was cleared.

The formation pressure reported from the November 2024 PFT (provided in Appendix E) was
2,518.6 pound per square-inch (psi) at a depth of 5,340 feet (ft.). This value was independently
validated through the calculations presented below, which yielded a formation pressure of 2,518.2
psi at the same depth.

As shown in the Schlumberger Transient Analysis Report for the October 2010 PFT event
(Appendix B), the reservoir pressure at a depth of 5,300 ft was 2,495 psi. As thoroughly explained
(and accepted by DEQ) in Midway Environmental Services’ (MES) Deficiency Number 6 answer
in Response to Notice of Deficiency Letter Dated October 9, 2013 (Appendix C), the average of
the static pressure gradient measurements taken on May 7, 2010 and October 11, 2010 between a
depth of 5,000 and 7,000 ft, corresponding to the Arbuckle injection zone of MES-1, was 0.486
psi/ft. It should be noted that this gradient is not the average pressure gradient for the entire well
length but corresponds specifically to the injection formation fluid pressure gradient. Applying
this gradient between a depth of 5,340 ft and 5,300 ft and then adding a reservoir pressure of 2,495

m A & M Engineering and 5 Mid-Way Environmental Services, Inc.
Environmental Services, Inc. Stroud, Oklahoma



psi measured at 5,300 ft, the initial formation pressure at a depth of 5,340 ft from the October 2010
“virgin” well condition is calculated to be 2,514.4 psi.

The static formation pressure obtained immediately prior to injection during the December 2024
PFT indicated a bottomhole pressure of 2,522.3 psi at 5,340 ft. Because the well had been injecting
wastewater for an extended period, the pressure in the vicinity of the wellbore was elevated above
the original reservoir pressure. Therefore, to estimate the average formation pressure, a
representative pressure profile within the formation was developed and averaged. The pressure
distribution within the formation is dependent on both reservoir and fluid properties; accordingly,
superposition-based pressure modeling was utilized to estimate the pressure profile.

From the PFT data, the pressure increases at the wellbore relative to the initial formation pressure
was determined as follows:
YO = 25223 2514.4=7.810il
At the wellbore radius (i = 0.5°00), the pressure profile was assumed to follow the exponential
relationship:
YO@i) =60

where r represents the radial distance from the well. Assuming line-source behavior, the coefficient
A was taken as 7.8 psi. Based on the superposition pressure profile calculations, the exponential
decay coefficient was determined tobe ® = 0.0002316. The resulting superposition calculations

estimated a pressure increase of 17.3 psi at i = 1000 and 5.3 psi at i = 5,000 Q0.

To estimate the average reservoir pressure within a radial distance of 1 < 5,000 0, the pressure
profile was integrated over the region of interest. The average pressure increase was calculated as
iYo@a . i 780 - ) Qi

N - -y -
1 Q1 1 Q1
"

YO == = 3.81il

v

The resulting average pressure increase within the 5,000-ft radius was determined to be
approximately 3.8 psi. It should be noted that selecting an outer radius greater than 5,000 ft would
yield a smaller average pressure increase because the pressure distribution decreases with radial

distance from the wellbore. Accordingly, the average formation pressure at a depth of 5,340 ft was
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estimated as 2,514.4 + 3.8 = 2,518.2 psi. This is only 0.4 psi less than the 2,518.6 psi reservoir

pressure reported in the November 2024 PFT analysis, which validates the PFT value.

Using this validated formation pressure, the reservoir pressure at the end of 2024 was adopted as
the average formation pressure for determination of the parameter B in the Modified Theis equation
used to estimate the ZEI.

For the ZEI analysis, the base of the Underground Source of Drinking Water (USDW) was
approximated to occur at a depth of 50 ft based on actual monitoring well observations at the site.
Accordingly, the value of W was taken as 50 ft. To estimate the value of B, the formation pressure
at 50 ft was calculated by referencing the validated formation pressure of 2,518.6 psi at 5,340 ft
and adjusting it to the shallower datum using the measured formation pressure gradient. The
resulting calculation is shown below:

. 25186+ (50 5340)(0.486)
o= (0.433) =

Because both hydraulic heads, B and W, are defined relative to freshwater conditions, the

121700

parameter G, representing the specific gravity of the fluid within the injection zone, was also
referenced to freshwater conditions. Using the measured “virgin” formation fluid pressure gradient
prior to injection in 2010, the equivalent specific gravity, unadjusted for temperature, was
estimated as 0.486J0.433 = 1.122. As previously mentioned, the analysis for the evaluation of
the specific gravity of the Arbuckle formation fluid, prior to initiating commercial activities at
MES-1, was performed in MES’ Deficiency Number 6 answer in Response to Notice of Deficiency
Letter Dated October 9, 2013 and can be found in Appendix C.

The injection rate (Q) of injectate has been taken as 462 gallon per minute (gpm) (slightly above
the 450 gpm maximum injection rate in the existing UIC permit) prior to being normalized to the
specific gravity of freshwater. Substitution of the remaining parameters into the Modified Theis
equation yielded the calculated radius of the ZEI as 4,904 ft at the end of 2035, corresponding to
11 years after the end of 2024. Therefore, the ZEI calculated in accordance with the requirements
of 40 C.F.R. § 146.6(a)(2) is 4,904 ft at the end of 2035. Since the calculated radius is less than 1
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mile (5,280 ft) for timeframe being considered, the previously considered 1-mile AoR fixed radius

was conservative.

The ZEI calculation using the Modified Theis Equation in 40 C.F.R. § 146.6(a)(2) is not a
volumetric analysis. In MES’ Deficiency No. 2 response to DEQ from the Response to Notice of
Deficiency Letter Dated May 19, 2025 (submitted December 7, 2025), volumetric calculations
accounting for dispersion were provided. This is because effective sweep efficiency was accounted
for in the analysis, which considers both macroscopic (percentage of reservoir rock volume), and
microscopic (percentage of pore volume) sweep efficiencies. In a homogeneous reservoir, sweep
efficiency captures the macroscopic displacement behavior, and dispersion effects are negligible
at the field scale because the flow is convection-dominated since the Peclet Number, Npe is
relatively high. To elaborate on this, consider the definition of Npe:

. _ 00D

Y TTo
where v, is the radial velocity at radial distance of interest, L is the longitudinal distance (can be
assumed similar to radial distance), D is the dispersion coefficient. D can be expressed as the

combination of mechanical dispersion, Dmechanical, and molecular diffusion, Dmolecutar, SUCh that:

0=0 +0 =] 0 +0
Here, Dmolecular Will be very small for field scale systems. Thus, D can be approximated as:
0O |

where a is the longitudinal dispersivity (in length units), and for field scale, it can be assumed
between 1 and 10 ft. Inserting D into Npe yields:
g 220_00_0
0 | 0 |
Considering L is approximated as the radial distance of interest, Npe can be approximated as a
function of L and aL only. Assuming a. is 5 ft and L is 4,904 ft (radius of the ZEI), Npe is
approximately equal to 1,000. If Npe is much larger than 1, this indicates a convection dominated
system, and dispersion is small compared to advective transport. Thus, dispersion effects can be
neglected, and a piston-type Bulkley-Leverett front-end can be safely assumed. Please refer to the

aforementioned previously submitted response for more specific details concerning this analysis.
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DEFICIENCY NO 2

In response to Deficiency No. 3 regarding an evaluation of wells within 1 mile of the Mid-Way
injection well (""MES-1""), Mid-Way provided updated information on wells within the 1-mile
AOR and indicated the Twin Cities saltwater disposal well was the only well penetrating the
Arbuckle injection zone. Mid-Way also provided an estimate of the pressure increase at this well
due to MES-1 injections and monitoring of reservoir pressures at MESA for the period of 2013 to
December 2025, and concluded the potential for fluid movement into underground sources of
drinking water is negligible. However, the evaluation did not include potential effects of injection at
the maximum allowable rate for 24 hours/ day, 7 days / week, and 365 days / year for 10 years
and assumed the Twin Cities injection was zero, discounting the potential interference effects
from the Twin Cities injection well on pressure increase. Please update, as necessary, the
previous assessment of the pressure calculations addressing the potential interference by the
Twin Cities injection well conducted as part of Mid -Way's January 10, 2014 NOD Response
#7. Please include a citation and the reference for that assessment.

RESPONSE:

MES recently discovered that the Twin Cities Saltwater Disposal Well (TCSDW) located within
0.85 miles of MES-1 was altered. As shown in Appendix D, in November 2024, the TCSDW was
plugged back above the Arbuckle Formation and now terminates in the Wilcox Formation
preventing all communication with the Arbuckle Formation. More specifically, at 5,003 ft bgs, a
Cast Iron Bridge Plug was installed over the Arbuckle formation and 10 ft of concrete was
installed. The well passed a MIT on November 27, 2024.

In light of the plugback of the TCSDW, interference effects from this well on future injection
activities at MES-1 will not exist. The latest, 2025, PFT results at MES-1 take into account any
pressure or other system impacts from TCSDW at MES-1. This is inherent to the PFT analysis.
Since injection into the Arbuckle formation at TCSDW has occurred since at least 2004 and ended
in November of 2024, any pressure interference from TCSDW on MES-1 would have been
observed by now and if it did exist, it certainly wouldn’t increase in the future since TCSDW is
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not longer in communication with the Arbuckle Formation. During the initial UIC permitting
process of MES-1, only one PFT was conducted following the acidizing of MES-1. Therefore, due
to the existence of a singular PFT dataset, MES, as a conservative precaution, conducted a
superposition radial pressure analysis accounting for possible interference effects from TCSDW
assuming continuous injection at TCSDW and using the maximum injection rate available in
Oklahoma Corporation Commission records for this well of 13 BBL/minute. The necessity for this
analysis was questionable at the time especially given the fact that, as stated in MES’ response to
NOD #7 of the Response to NOD Dated October 9, 2013:

To date, no increase in pressure has been observed at MES #1 since 2010 thereby
indicating that either the injector is located on the other side of a possible no flow
boundary and therefore not impacting MES #1, or that the effect of the injector is very
limited due to the high permeability of the reservoir. Despite the possibility that the Twin
Cities injector may not be hydraulically connected to MES #1, Dr. Ozbayoglu does
consider the possible interference of the injector in his hydraulic calculations.

This type of conservative analysis is no longer justified because MES has 11 years of annual PFT
data to rely on that would have any interference from TCSDW on MES-1 built-into the modeling.
From a pressure transient analysis perspective, any sustained interference from the Twin Cities
SWD well would be expected to manifest in the fall-off test response as late-time deviations from
infinite-acting radial flow, such as boundary-dominated behavior or pressure derivative anomalies.
However, none of the pressure fall-off tests conducted since 2017, including the most recent tests,
show evidence of boundary effects or external interference. Instead, the reservoir behavior is
consistently interpreted as infinite-acting within the radius of investigation (on the order of several
thousand feet), which is comparable to the distance between the two wells. Furthermore, the
absence of a long-term increase in reservoir pressure, despite years of concurrent injection
operations, indicates that any potential pressure contribution from the Twin Cities well has been

either negligible or effectively dissipated within the permeable Arbuckle formation.

Furthermore, the existence of interference on MES-1 from TCSDW is negligible not only due to
the observations quoted above between 2010 and 2014 but also because the bottomhole reservoir
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pressures and bottomhole pressures at the end of shut-in in MES-1 have not steadily increased
during the past decade that measurements have been recorded during PFT events. In fact, if
anything, the static reservoir pressures have decreased. Please refer to Table 8 of MES’ Response
to NOD Letter Dated May 19, 2025 (Appendix I) for a summary of the bottomhole pressures
measured at the end of shut-in and bottomhole reservoir pressures recorded during annual PFT.
When considering static bottomhole reservoir pressures at the same depth, this table shows that
the reservoir pressure tended to decrease each year and has certainly decreased between the present
time and the commencement of commercial activities at MES-1 over a decade ago. This is strong
evidence that the interference on MES-1 from TCSDW has been negligible.

As it relates to the pressure increase analysis DEQ references in this question, all future year
reservoir pressure analysis and injectant front analysis by volumetric calculations submitted in
MES’ Response to NOD Letter Dated May 19, 2025 and MES’ response presented in this submittal
(Response to NOD Letter Dated March 5, 2026) consider continuous injection for 24 hours/day, 7
days/week, and 365 days /year for at least 10 years at 11 BBL/minute (or 462 gpm), which is
slightly higher than the 450 gpm maximum allowable injection rate in MES’ current UIC permit.
Actual injection rate and volume data exists through present so this information was naturally used
for all prior year analysis, especially since these “operating conditions” are reflected in PFT

analysis.
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DEFICIENCY NO 3

In response to Deficiency No. 4:

a.  Regarding pressure buildup over time within the Arbuckle injection zone, please also
show an example calculation for one of the reservoir pressure profiles provided in
Figure 1 of Mid Way's NOD response, at the ZEI calculated radius identified in Item
1 above, after ten (10) years of injection at the requested maximum allowable
injection rate and at 24 hours/day and 7 days/week. Please also provide a summary
explanation of how the increases in reservoir pressures around MES-1 due to
injection supports the use of a 1-mile AOR.

b. Please provide an evaluation of the maximum allowable injection pressure (""MAIP"")
for injectate with a specific gravity of 0.95, similar to what Mid-Way provided for
fluids with specific gravities of 1.0 and 1.2. Also, please provide the calculations of the
MAIP for injectates with specific gravities of 0.95, 1.0 and 1.2 using the procedure in
OAC 252:652-9-1(1).

c. Regarding the formation pressure and fracture pressure gradient noted in Tables 6A
and 7A, please provide a citation and the reference for the values 0.472 psi/ft and
0.639 psi/ft, respectively. For Table 6B, please show example calculations for Row 1
with citations and references for the parameters used, along with an explanation of
why the calculated maximum allowable pressure is greater with increased injection
time (see Column 16).

d. On page 14 of Mid-Way's response, it is stated that ""When a wellhead pressure is
observed when injection is not occurring at MES-1, this is due to the formation
pressure being greater than the hydrostatic pressure of the fluid inside the well (not
artesian conditions).” Please provide a summary explanation of why this situation is
not considered artesian (both within the well bore and adjacent to the well); and
include a citation and the assessment referenced in Mid -Way's January 10, 2014
NOD Response #6. That assessment provides the details and includes the corrected
estimate of the specific gravity of the Arbuckle reservoir fluid (S.G. 1.135). Also,
please ensure this value is used in any calculations utilizing the Arbuckle reservoir

fluid specific gravity.
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RESPONSE 3(a):

As provided in Response 1, the ZEI calculated using the Modified Theis equation is 4,904 ft at
the end of 2035, corresponding to 11 years after the end of 2024.

The pressure response of an injection well in a cylindrical reservoir can be described using the
radial diffusivity equation, which relates pressure change to both time and radial distance from

the well. The following equations describe the Diffusivity approach:

“ 141.2n0° . . .
YOo(i,0) = 0 0 ({,0)
5Go)= S0
v (L,0 )= 25
. i
L =
L
. 0.000267 0 ¢
0 ===
% “ 0 U
Here,
1 Al (b A\
OQ((JL)) = W + |n(00) +T

where] = 0.5772156649

g = Injection rate (volume/time)
“ = Viscosity of the fluid

k = formation permeability

% = Porosity

0 = Total compressibility
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h = Formation thickness
rw = Wellbore radius

r = Radial distance from the wellbore

The governing equation assumes that pressure propagates outward through the reservoir as fluid

is injected, with the rate of propagation controlled by reservoir properties such as permeability,

porosity, fluid viscosity, compressibility, and formation thickness. For a constant injection rate,

the pressure increase is largest near the wellbore and decreases with distance as the pressure

disturbance spreads radially through the formation. Because average injection rates may vary from

year to year, the total pressure increase can be estimated using the superposition principle; each

yearly injection rate is treated as a separate constant rate pressure contribution that begins at its

corresponding time, and the total pressure increase at any radial distance is calculated by summing

the individual pressure responses from all prior injection periods. Diffusivity equation combined

with superposition provides a time-dependent pressure profile that accounts for changing injection

history while preserving the radial nature of flow in a cylindrical reservoir.

Table 3-0: Waste volume injection at MES Class I Injection Well

Year Number Year (end) Total VVolume, in bbl, Injected in that Year (Vin))
Year-1 2015 128,983
Year-2 2016 135,979
Year-3 2017 143,635
Year-4 2018 535,095
Year-5 2019 362,545
Year-6 2020 134,984
Year-7 2021 298,225
Year-8 2022 180,744
Year-9 2023 245,330

Year-10 2024 376,610
Year-11 2025 742,032
Year-12 2026 5,781,600
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Year-13 2027 5,781,600
Year-14 2028 5,781,600
Year-15 2029 5,781,600
Year-16 2030 5,781,600
Year-17 2031 5,781,600
Year-18 2032 5,781,600
Year-19 2033 5,781,600
Year-20 2034 5,781,600
Year-21 2035 5,781,600
Year-22 2036 5,781,600

Input:

0 = 250 md

0 =300 ft

i =0.329ft

“=1cp

6 =73x%x10 psit

% = 0.14

. ® )

1 Lyean) S5y 368

365day 24hr

T %01 (014 @3x10 )(0329 7
i
' = 0329
Thus;
.- 14121 (1 1 i
o= ar2i@ 1y

(250) (300) 2 40
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1) Sample calculations for Row-1 at the ZEI (i = 4,904 ft):

i =294 0058
' 0329~ '

Year-1 (end of 2015);
Flow rate (forw = 128,983 bbl):

o 128983
" 365 365

f = 353.38 bbl/d

0 = 1 (for end of 2015):
0 =5286x10 0=5.286x10 (1) =5.286x%10

i (14905.8)
40  4(5286%x10)

0.01051

141.2(35338) (1) 1

Y0(4904,1) = (250) (300) 500(0.01051) = 1.853 psi

0 = 2 (for end of 2016):
0 =5286x10 0=5.286x10 (2) =1.057 %10

i (149058)

40~ Z(1057 <10 ) >295x10

141.2(353.38) (1) 1‘0"0( 525510 )+ 1‘O"Q( 0.01051)
@50)(B00) 2 2

= 0.2302 psi

y0(4904,2) =

0 = 3 (for end of 2017):
0 =5286x10 0=5.286x%10 (3) =1.586x 10
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i (149058)
40  4(1586%x10 )

3.502 %10

141.2 (353.38) (1)
(250) (300)

= 0.1348 psi

Y0(4904,3) =

1 1
EOQ( 3.502 x 10 )+§OQ( 525510 )

0 = 4 (for end of 2018):
0 =5286x10 0=5286x10 (4)=2114x%10

i (149058)

40~ Z(2ilax10 ) 2028x10

(250)(300) 2 27

= 0.0956 psi

Y0(4904.4) =

Similar calculations are conducted until 6 = 22 (end of 2036).

Year-2 (end of 2016);
Flow rate (forw = 135,979 bbl):

© 135979

365" 365 372.54 bbl/d

f

0 = 1 (for end of 2016):
0 =5286x10 0=5.286x%10 (1) =5.286x 10

i (149058)

40~ 2(5286x10) 01051

141.2 (372.54) (1)

y0(4904,1) = (350) (300)

1. :
500(0.01051) = 1.3945 psi
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0 = 2 (for end of 2017):
0 =5286x10 0=5.286x%10 (2) =1.057 %10

i (149058)
40  4(1057x10 )

5.255 %10

141.2 (372.54) (1) 1‘0"0( 5255 x 10 )+ 1‘O"Q( 0.01051)
@50)(B00) 2 7 2

= 0.2412 psi

Yy0(4904,2) =

0 = 3 (for end of 2018):
0 =5286x10 0=5.286x%10 (3) =1.586x 10

i (149058)

40~ 2(1586x10 ) °>°02x10

141287259 ) Lo 5505 %10 )+ LoN( 5255% 10 )
(@250)(300) 2 20

= 0.1416 psi

Y0(4904,3) =

0 = 4 (for end of 2019):
0 =5286x10 0=5286x%x10 (4)=2114x%10

i (149058)
40  4(2114%x10 )

2.628 x 10

141207250 @) 1o He28x10 )+=00( 3502x10 )
@50)(300) 2 ° 2

= 0.1006 psi

Yy0(4904.4) =
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Similar calculations are conducted until 6 = 21 (end of 2036).

Year-3 (end of 2017);
Flow rate (forw = 135,979 bbl):

© 143635

=365 385 393.52 bbl/d

f

0 = 1 (for end of 2016):
0 =5286x10 0=5.286x%10 (1) =5.286x 10

i (14905.8)
40  4(5286%x10)

0.01051

141.2(39352) (1) 1

Y0(4904,1) = (250) (300) 500(0.01051) = 1.4730 psi

0 = 2 (for end of 2018):
0 =5286x10 0=5.286x%10 (2) =1.057 %10

i (149058)

40~ Z(1057 <10 ) >295x10

141.2(372.54) (1) 1‘0"0( 5255 x 10 )+ 1‘O"Q( 0.01051)
@50)(@00) 2 7 2

= 0.2548 psi

y0(4904,2) =

0 = 3 (for end of 2019):
0 =5286x10 0=5.286x%10 (3) =1.586x 10

i (149058)
40  4(1586%x10 )

3.502 %10
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141287250 ) Lo 5505 %10 )+ LoN( 5255% 10 )
(250)(300) 2 2

= 0.1495 psi

Y0(4904,3) =

0 = 4 (for end of 2020):
0 =5286x10 0=5286x%x10 (4)=2114x%10

i (149058)

40~ Z(2ilax10 ) 2028x10

141207259 @) 1o He28x10 )+00( 3502x10 )
@50)(@300) 2 - 20

= 0.1062 psi

Yy0(4904.4) =

Similar calculations are conducted until 6 = 20 (end of 2036).

This process continues until Year-22 (end of 2036). Then, superposition principle is applied such
that for a particular year are summed up. For example, for Year-3 (2017), the differential pressures
foro =1 (1.47 psi),0 = 2 (0.24 psi) and 0 = 3 (0.13 psi) are added, and 1.84 psi is calculated.
The results of such calculations for all years are tabulated in Table 3-1. Similar calculations have
been conducted at the wellbore wall (considering the skin), 0.5 mile from the wellbore, 1 mile
from the wellbore, and 2 miles from the wellbore. Results are tabulated in Tables 3-2, 3-3, 3-4 and
3-5, respectively.
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Table 3-1 Pressure calculation summary for Row-1 (i = 4904 ft). Units are in psi.

ONCIIN | ONCIp= | OWElpO | NGl | OUEpP | oWclp= | ONCIGT | oWclY | ONCld | oNCINM | OUEIINN | OUEIDNE | GREIIND | GUEIpNT | oREINP | OUEIpNE | OUEIDNT | OREIENY | OUEIoND | OREI=M | QUEIp=N | olch=

WP | =ME | =WT | =WY | Wb | =MEM | =MEN | =MEE | =MEO | MM | MR | MBS | SMET | =MEY | SME® | MM | SMN | ME | =MD | MO | MP | B

WP | NGBl N | MGl = | MNOwgl G | MNVAI Th | MIMTgi Th | MIVE MP MM MM MM MND MND MND MNE MNE MNE MNE MNE MNE MNE MNE MNE
EYYS NGBl N | M=Thyl = | MNTal G | MNVGl G| MW MNE MP MP MM MMT MND MND MND MND MNE MNE MNE MNE MNE MNE MNE
EYY NIMTBq1 N | M=Pigl = | MNPygl @ | MINN MMY MNT MNE MNP MMT MM MM MND MND MND MND MNE MNE MNE MNE MNE
EYY PNl N | MAPhgl S| MPE MM | MON M=P M=N MNY MNE MNP MND MNE MNN MNM | MNV | MM MMY MMY MNT
WD OT= N| M3 MOY M=T M=N MNT MNT MNE MNN MM MMD MMY MNT MNT MNE MNE MNE MP
EV=Y NOY M=TT MNT M\ | MW MNE MMP MMP MM MM MND MND MND MM MNE MNE MNE
=NEN GNE MPO MON = MNT MNT MNE MM MMD MMY MNT MNT MNE MNE MP MP
EV= NYP MCE MND MNO M\ | MW MM MNE MP MMP MM MM MM MND MND
=NEO 2P= M1 M= MNY MNTT MNE MNMV MMY MNT MNT MNE MNE MP MP
=NE avz M=T MGD M=Y M= MNY MNP MND MNN MM MMD MMY MMY
=NEP TisN NG MTT MFP Mo MCP M= M= M=0 M=M MNY MNT
e Pai= W= | S\ =y acE =N 2=0 N NTP NPT NIE
=NET PUZO | NI= | =IME M=y acE =N EES N> NTP NPT
=NEY POZ0 | M= | =M =Y acE =N EES) N NTP
=NED Pai= = | SIME M=y acE =N ==0 N
EYaY Pai= N= | SIME =Y acE =N ==0
=N POZD | W= | SIME =y acE =N
ME PO=0 | NI= | =IME =Y acE
=MD Pai= = | SIME M=y
=™ Pai= = | SIME
=P PUZO | NUI=
ME ERER
EcGUIGYHYU NCE NEZ= NYTT PIY e =T a= ayP PI=D @al | SNYT | TNGT | TSdY | YNME | YIINY | YT | YYidY | oMY® | d=PY | GrINV | GRirY
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Table 3-2 Pressure calculation summary for Row-1 (i = 10 ft), which represents wellbore wall. Units are in psi.

OUEN | OUER= | oNChO | oWClpn | OUEIpP | OUElpE | OUCT | oWclpY | oWelp® | oWElpNMi | OUElpNN | OUCIENE | ONCIIND | ONCINT | OUEIpNP | OUCINE | OUCINT | OWGIINY | oWEIpND | oWelp=M | OUCIpEN | olch=

SMP | M | SWI | WY | =W | MM | SMEN | M= | SMEO | VAN | SMEP | M. | EMET | EMEY | SMEG | MM | IMN | SME | MO | MI | SMP | MB

SMP | PIThgl N | M=Oul = | MNGugl G | MNVgI Th | Mgl 15| MIVE MIVP MM MM MM MMD | MMD | MMD | MME MINE MINVE MINE MINVE MINVE MINE MINVE MINVE
EVYS PITThql N | M=Thyl = | MNTl O | MNVI G| MW MIME NIMP MIMP MM MM MMD | MMD | MMD | MMD | MME MINE MINVE MINVE MINE MINVE MINVE
EYY SINEsIl N | M=hal 5 | MNPsgl G | MNN MY NINT MINE NIVP MM MM MM MMD | MMD | MMD | MMD | MME MIVE MINE MIVE MINVE
EYY =PThol N MaBhl 5 | MPS MM | MON MZP MEN MNY MNE MNP MNO | MNE MNN M\ | MMM | MMP | MW MY MINT
ETYS) NPI=dugl N 3P MOY NIZT MEN NMINT MINT MNE MNN M\ | MMP | MW MINT MINT MINE MINE MINE MIVP
=NEM PE® | M NN M| MW MINE MIMP NIMP MM MM MMD | MMD | MMD | MMD | MME MINVE MINVE
ENEN NEPY | MPO | MQN = MINT MINT MINE MM | MMP | MW MINT MINT MINE MINE MIVP MIVP
NE o= NCE MND | MNO | MNM | MW MINT MINE NIVP NIMP MM MM MM MMD | MMD
=NEO NMCP | MM N= MNY NN MNE MW | MW MINT MINT MINE MINE MIVP MIVP
=N NEYO | MET MOd | MEY N= MNY MNP MNO | MNN MM | MMP | MW MY
=NEP NOM | N | MTY MPP M | MCP ElE MZO | MM | MNY NMINT
B TOYe | NaT | SIWP n= | am | == IM | N@d | Nz NPT NE
=NET TOYe | NMAT | SIWP n=® | am | == IM | N@d | NTZ NPT
=NEY ToYe | \al | Sw n=® | am | == I | Nad | NTT
=NED TOYe | NMaT | SIWP n=® | am | == IaM | Ndo
=M TOYe | NMAT | SIWP n=® | am | == EleY]
=MN ToYe | Na1 | 5w n=®> | am | ==
=ME TOYe | NMaT | SIWP n=® | am
EYso) TOYe | NMAT | SIWP n=o
=M ToYe | NaT | 5w
=MP El el
™Mz Tave
E2GUIGYHEYU]  PIM PIT WM | ZOM | NgPY | TN | NOYM | @M1 | NNS® | NICE | CaM1 | STWIT | =PXIME | SN3Y | SPITO | =YidM | =INPM | =TGTM | =TP3= | =THCE | =rvivil | =YMEN
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Table 3-3 Pressure calculation summary for Row-1 (i = 2,640 ft = 0.5 mile). Units are in psi.

ONCIIN | ONCIp= | OWElpO | NGl | OUEpP | oWclp= | ONCIGT | oWclY | ONCld | oNCINM | OUEIINN | OUEIDNE | GREIIND | GUEIpNT | oREINP | OUEIpNE | OUEIDNT | OREIENY | OUEIoND | OREI=M | QUEIp=N | olch=

WP | =ME | =WT | =WY | Wb | =MEM | =MEN | =MEE | =MEO | MM | MR | MBS | SMET | =MEY | SME® | MM | SMN | ME | =MD | MO | MP | B

WP | NTGul N | M=Gutl = | MNOwgl G | MNVAI Th | MIMTgi Th | MIVE MP MM MM MM MND MND MND MNE MNE MNE MNE MNE MNE MNE MNE MNE
EYYS NYOuql N | M=Thgl = | MNTbal @ | MNVRGL B | MIWY MNE MP MP MM MMT MND MND MND MND MNE MNE MNE MNE MNE MNE MNE
EYY NAOI N | M=hql S | MNPl @ | MNN MMY MNT MNE MNP MMT MM MM MND MND MND MND MNE MNE MNE MNE MNE
EYY TONBoI N | MABsgl 5| MPT MM | MON M=P M=N MNY MNE MNP MND MNE MNN MNM | MNV | MM MMY MMY MNT
WD YTl No | MZP MOY M=T M=N MNT MNT MNE MNN MM MMD MMY MNT MNT MNE MNE MNE MP
EV=Y NYN M=TT MNT M\ | MW MNE MMP MMP MM MM MND MND MND MM MNE MNE MNE
=NEN TN MPO MON = MNT MNT MNE MM MMD MMY MNT MNT MNE MNE MP MP
EV= 2 MCE MND MNO M\ | MW MM MNE MP MMP MM MM MM MND MND
=NEO RS M1 M= MNY MNTT MNE MNMV MMY MNT MNT MNE MNE MP MP
=NE PINE M=T MGD M=Y M= MNY MNP MND MNN MM MMD MMY MMY
=NEP QT NG MTT MFP Mo MCP M= M= M=0 M=M MNY MNT
e TP | NN | SIMI n=e | ax = IM | Nap NT= NPT NIE
=NET TP | NMCON | IIM1 n=e | ax = EleY] N> NT= NPT
=NEY TP | NN | 3IM1 n=e | ax = EleY] N NT=
=NED TP | NN | 3IM1 n=e | ac¢ 1= M | Nao
EYaY TP | NN | 3IM1 n=> | ax = EleY]
=N TP | NN | SIMI n=e | o ==
ME TP | NN | =M1 n=e | ax
=MD TP | NN | 3IM1 M=o
=™ TP | NN | 3IM1
=P TP | NN
ME TTzP
EeGNIGYHaiYU] NTO | =MV ETe) TIZY SINP = P= avn M50 | b | NNTM | YM= YGTP | AN | @it | NVESO = | NVIID | NMBa1 | N\NM1 | NNEPE | NG9O
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Table 3-4 Pressure calculation summary for Row-1 (i = 5,280 ft = 1 mile). Units are in psi.

ONCIIN | ONCIp= | OWElpO | NGl | OUEpP | oWclp= | ONCIGT | oWclY | ONCld | oNCINM | OUEIINN | OUEIDNE | GREIIND | GUEIpNT | oREINP | OUEIpNE | OUEIDNT | OREIENY | OUEIoND | OREI=M | QUEIp=N | olch=

WP | =ME | =WT | =WY | Wb | =MEM | =MEN | =MEE | =MEO | MM | MR | MBS | SMET | =MEY | SME® | MM | SMN | ME | =MD | MO | MP | B

WP | N=Thal N | M=Cutl = | MNOwgl G | MNVAI Th | MIMTgi Th | MIVE MP MM MM MM MND MND MND MNE MNE MNE MNE MNE MNE MNE MNE MNE
EYYS NGBgl N | M=Thgl = | MNTal @ | MNVGL G| MIWY MNE MP MP MM MMT MND MND MND MND MNE MNE MNE MNE MNE MNE MNE
EYY NIMEsql N | M=Pigl = | MNPyl @ | MINN MMY MNT MNE MNP MMT MM MM MND MND MND MND MNE MNE MNE MNE MNE
EYY PI=0ql N | MAPhgl S| MPE MM | MON M=P M=N MNY MNE MNP MND MNE MNN MNM | MNV | MM MMY MMY MNT
WD QPYsgl N | M3 MOY M=T M=N MNT MNT MNE MNN MM MMD MMY MNT MNT MNE MNE MNE MP
EV=Y NCD M=TT MNT M\ | MW MNE MMP MMP MM MM MND MND MND MM MNE MNE MNE
=NEN =P MPO MON = MNT MNT MNE MM MMD MMY MNT MNT MNE MNE MP MP
EV= NT® MCE MND MNO M\ | MW MM MNE MP MMP MM MM MM MND MND
=NEO =rE Mo M= MNY MNTT MNE MNMV MMY MNT MNT MNE MNP MP MP
=NE aT= M=T MGD M=Y M= MNY MNP MND MNN MM MMD MMY MMY
=NEP Jiles) NN MTT MFP Mo MCP M= M= M=0 M=M MNY MNT
e PTNE | NWEN | SIME M=t acE =N 2=0 N NTP NPT NIE
=NET PTINE | NV=1 | =IME M=t acE =N EES N> NTP NPT
=NEY PTINE | NVEO | =IME M=t acE =N EES) N NTP
=NED PTINE | NVEO | =IME M=t acE =N ==0 N
EYaY PTINE | NVT1 | =IME M=t acE =N ==0
=N PTINE | NWEN | SIME M=t acE =N
ME PTINE | NMEO | 5IME =1 acE
=MD PTINE | NV=O | =IME =1
=™ PTINE | NVEO | =IME
=P PTINE | NN
ME PTINE
EeGUIGYHaYU] N=T NPT NT® PITY P =TY NS Q=M | am PINP GME | POZ® | SANP | TIITY | TVY= | YN@Y | YIOPT | YS(TY | YYis® | dMOY | dNdM | dO=Y
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Table 3-5 Pressure calculation summary for Row-1 (i = 10,560 ft = 2 miles). Units are in psi.

ONCIN | OUEIp= | oWElpO | OUElpn | oWcliP | OUEIT | OWElpT | ONCIpY | oWclp® | OUEIDNVI | OWCIpNN | OUEIINE | OWGIpND | OUEIINTT | OWCIpNP | ONCIPNE | OWGIDNT | ONCIpNY | OWCIpND | ONCIp=M | oWelp=N | olch=
WP | =ME | SWT | MY | =W | =MEM | =MEN | =M= | SMEO | =MEN | SMEP | ME. | SMET | SVEY | SVE® | MM | SMIN | SME | =MD | MOl | P | T
WP | MYOul N | M=l = | MOl G | MIMBagl b | MMl 5| MINE MMP MM MM MND MND MNO MND MNE MNE MNE MNE MNE MNE MNE MNE MNE
EYYS MYThgl No | M=Osl = | MNBql G | MNWgl Q| MIMY MNE MP MNP MM MM MND MND MND MND MNE MNE MNE MNE MNE MNE MNE
EYY MASsql N | M=Pigl = | MNPl @ | MNN MMY MNT MNE MP MM MM MM MND MND MND MND MNE MNE MNE MNE MNE
Y OrEsl N | MAEsgl 5| MPP MGD MM | M= M=N MNY MNE MNT MNO MNE MNN M\ | MM MMD MMY MM MNT
EYYS) 2@ | MzO MOT M=T MN MNT MNTT MNE MNN MNV MMD MW MNT MNT MNE MNE MNE MP
=M MY= M=0 MNT MM MMY MNE MNP MP MM MM MND MND MND MND MNE MNE MNE
=NEN NIN MPN MON = MNT MNTT MNE MNMV MMD MW MNT MNT MNE MNE MMP MMP
EV= NNE MON MND MND MNV MY MNT MNE MNP MP MM MM MM MND MND
=NEO NPT MIE M=P MNY MNTT MNN M\ | MW MNT MNT MNE MP MNP MP
=NEN =N MzP MGD M=Y M=N MNY MNP MND MNN MNV MMD MM MM
=NEP TP N=Y MT= MPrI MIE M M=o M=P M= MM | MNY MNT
e I | @ar PIaE M=o | a=o B EES] Ny NTP NPz NN
=NET I | @ar PIaE M=o E =50 | 3= NaY NTP NPz
=NEY D | @ar PIdE M=o | a= 250 | ==Y Ny NTP
=NED G | @ar PIaE M=o | 0=0 | =Zso | == NaY
EVaY Cd | T PIaE n=0 | a= B lEEE
VN D | @ar PIaE M=o | a= =50
ME gD | T PIaE n=0 | a=
EYs) Cd | T PIaE M=0
EYey D | @ar PIdE
=P G | T
ME e
EcGUIGYHiYU]  MYO NIMD NE® | QM | aFs EEY anv | =P ENG av= SP | OWPN | TMTO | PI=0 | PYI=Y | SNIE | >Odd | SINY | >YIMP | saTT | TN=Y | T3P
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The pressure distribution as a function of radial distance from the wellbore at the end of year 2035
(i.e., 10 years of continuous injection with the maximum allowable injection rate) is shown in
Figure 3-1. Considering ZEI (r=4,904 ft), the expected pressure at this point is 94.1 psi. ZEI
calculation methodology reveals a head difference of 185.79 ft for the formation fluid density of
1.122 g/cm?®, which states 90.3 psi. Thus, ZEI and diffusion calculation methodology reveals a
similar pressure increase for the considered conditions at the end of year 2035, which is a
conservative case, since the injection rates and durations will not reach such levels during the

operation period.

300.00
250.00
200.00
150.00

94.1 psi
100.00 fg P

50.00

Pressure Increase at Year-2035 (psi)

4904 ft
0 2000 4000 6000 8000 10000 12000
Radius (ft)

0.00

Figure 3-1  Pressure increase as a function of radial distance from the wellbore

In Figure 3-2, the pressure increase at ZEI, r = 4,904 ft, is presented as a function of time. In this
plot, the injection rates are also shown for 2025 and earlier, and the maximum allowed injection
rate is considered after 2025. The pressure increase estimations using both diffusivity approach
and Theis model are compared. The differences for pressure increase are reasonably low, and
indicates a good agreement (at the end of year 2035, pressure increase estimations are 94.1 psi and
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80.45 for diffusivity approach with superposition and Theis model, respectively). More

conservative conditions are used in diffusivity approach, which leads to higher values.

ZE|I=4904 ft
100 18000
Py
2 AAAA‘.”AA 16000
7 80 .‘xxxxx’“ 14000 __
- [¢] o
g 70 R 12000 =
T 60 b 2
0 10000 2
© 50 ) @ Diffusivity
= 8000 %
o 40 o X Theis
2 6000 =
g 30 = Flow R
(a8
10 é s 2000
0 ‘.. .,.'.. 0

2010 2015 2020 2025 2030 2035 2040

Year

Figure 3-2  Pressure increase at ZEI (r=4,904 ft) as a function of time, with flow rate data
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RESPONSE 3(b):

Equations and Nomenclature:

Fluid velocity in the tubing, v:
0
24480

0 in ft/s, injection flow rate,0, in gpm, tubing ID, Q, in inches

0

Reynolds number:
928070

G

Density, i, in Ib/gal, viscosity, “, in cp

Critical Reynolds number for the decision of laminar or turbulent flow (simplified approach):

0 =2100
Fanning friction factors for laminar and turbulent flow conditions, respectively:
. 16
Q =5—
v

1 6.9
—_— = 36 log +—
0 v

Frictional pressure loss, Y0 , inside the tubing:

5 =20
25510
YO in psi, tubing length, 0 , is in ft
Hydrostatic pressure, O
0 =0052"0

~

O inpsi
Pressure loss in the reservoir is estimated by the transient pressure distribution estimation
methodology.

Expected bottomhole pressure, 0
o =Y5+0 0
0 in psi, formation pressure gradient, Q , in psi/ft

Estimated wellhead injection pressure, O
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~

0 in psi
Maximum allowable bottomhole pressure at top of the injection zone, O
0 =0 0
0 in psi, formation fracture pressure gradient, Q , in psi/ft, depth of the top of the injection
zone, 0, inft

Maximum possible injection pressure at surface, 0
0 =0 0 +Y0

0 in psi

Design factor for injection pressure based on fracture pressure, YO

0
YO =——
v

Design factor for injection pressure based on Table 5 (Existing MES-1 UIC Permit - maximum
allowable injection pressures for various specific gravities of injectate) (Appendix J), Y0

~
5

V)

YO ==
v

Design factor for maximum bottomhole pressure, Y0

0

Yo = g
Sample Calculations:
Input data Used:
Fluid injection rate: 11 bbl/min
Fluid density: 1.0 sp.gr
Tubing ID: 3.958”
Tubing length: 5,203 ft
Top of injection zone: 5,175 ft
Fluid viscosity: lcp
Formation permeability: 250 md
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Formation porosity: 14%

Formation thickness: 300 ft
Effective wellbore diameter: 21.8 ft

Total compressibility: 5.46x10°® psi
Formation pressure gradient: 0.472 psi/ft
Fracture pressure gradient: 0.639 psi/ft

(Effective wellbore diameter is determined based on the 2025 PTA report, indicating a -3.5 skin
factor.)
Fluid velocity in the tubing:

(11)(42)

U= >248(3058)  2TUs

Reynolds number:

_ 928 (12) (1.0 x 8.34) (3.958)
B D)

= 369,036

Critical Reynolds:
0 =2100

Flow is “turbulent”. Fanning friction factor for turbulent flow conditions:

1

Q = 59 = 0.00345

Frictional pressure loss inside the tubing:

gg _ (0.00345) (8:34) (12)
U =TT 255 (3.958)

(5203) = 215.4 psi

Hydrostatic pressure:

0 =0.052(8.34) (5203) = 2256.4 psi
For injection of 1 year, 5 years and 10 years, pressure loss in the reservoir are calculated using the
transient pressure distribution methodology as 251 psi, 275 psi, and 286 psi, respectively.
Expected bottomhole pressures for 1 year, 5 years and 10 years of injection period:

~
5

0 = (251) + (0.472) (5203) = 2707 psi
0 = (275) + (0.472) (5203) = 2731 psi
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0 = (286) + (0.472) (5203) = 2741 psi
Estimated wellhead injection pressures for 1 year, 5 years and 10 years of injection period
= (2707) (2256) + (215) = 666 psi

0
0 = (2731) (2256) + (215) = 690 psi
0 = (2741) (2256) + (215) = 700 psi

Maximum allowable bottomhole pressure at top of the injection zone:
0 = (0.639) (5175) = 3307 psi
Maximum possible injection pressure at surface:
0 = (3307) (2256) + (215) = 1265 psi

In the previous report, a typo was detected on the equation for maximum possible injection

pressure, and it is corrected in this version.

Design factors for injection pressure based on fracture pressure for 1 year, 5 years and 10 years of

injection period:
1265
Y0 = ( ) =
(666)
o _ (1265)
Y0 _ (1265 _ 181
~ (700)
Design factor for injection pressure for 1 year, 5 years and 10 years of injection period based on
Table 5 (maximum allowable injection pressures for various specific gravities of injectate)

1.90

(Appendix J); for 1.0 sp.gr fluid, it is 1260 psi:
1260
_(1260) _ 89

"0 ~ (666)

Y0 _ (1260) _ 1.83
—(690)

o _ (1260) _

Design factor for maximum bottomhole pressure for 1 year, 5 years and 10 years of injection

period:
Mid-Way Environmental Services, Inc.
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_(3307) _

Y0 =@ 1.22

Y0 = (3307) =121
(2731)

vo o =20y
(2741)

Considering Okla. Admin. Code § 252:652-9-1 with the assumption that overburden pressure is
known (i.e., calculated as 0.979 psi/ft), the document states “The maximum total pressure gradient
(applied injection pressure plus fluid pressure) shall not exceed sixty-five percent (65%) of the
established overburden pressure gradient, expressed in pounds per square inch per foot (psi/ft) of
depth from ground surface to the top of the disposal zone.” Considering the top of the injection
zone, 65% of the overburden pressure is

’ b = (0.65)(0.979)(5175) = 3293 il

Design factor for 65% of the overburden pressure at the top of the injection zone for 1 year, 5 years
and 10 years of injection period:

(2707) '
Y0 = (3293) =1.21

(2731) '

(2741) '

Considering Okla. Admin. Code 8§ 252:652-9-1 with the assumption that overburden pressure is
not known, the document states “If the effective overburden pressure gradient is not established,
the maximum total pressure gradient shall not exceed 0.65 psi/ft of depth from ground surface to

the top of the disposal zone.” Considering the top of the injection zone, 0.65 psi/ft pressure gradient
corresponds to

~
5

V) / = (0.65)(5175) = 3,364 il

Design factor for 65% of the overburden pressure at the top of the injection zone for 1 year, 5 years
and 10 years of injection period:
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_ (3364) _

Y0 = @707 1.24

Y0 = (3364) =123
(2731)

Y0 = @ =123
(2741)

These results are summarized in Table 3-7 in the first 3 rows, just to provide an example how the
calculations are conducted.
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Environmental Services, Inc.

Stroud, Oklahoma

Table 3-6 Specific gravity = 0.95
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Table 3-7

Specific gravity = 1.0

Environmental Services, Inc.

Stroud, Oklahoma
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Table 3-8 Specific gravity = 1.05
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Table 3-9

Specific gravity = 1.2
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RESPONSE 3(¢):

Surface porosity, % , decline constant, Q, average brine density, ” , formation grain and injection

depth, O, are considered by using the historic data available as:
% = 16.265%
2 =0.000177 ft

7 =1.09sp.gr
7 =24sp.gr
0 =5200ft
Overburden pressure, ,, , is calculated by:
77 0%
. =700 — 1 0 ]
Q
= 0.052 (2.4)(8.33)(5200)
0.052(2.4 1.09)(8.33)(0.163) e Y
(0.000177)
Overburden pressure gradient, Q , at injection zone estimated:
_ (5092) 0.979 psi/ft
~(G200)  UUP

Using Biot’s Model, effective matrix stress gradient in vertical direction, Q :

N =0979 0472 0.5psi/ft
Formation pressure gradient, Q , from PFT data:

N =0.472psi/ft

) =5092 psi

Using Bottomhole Reservoir Pressures from the 2024 and 2025 PFT analysis presented in Table 8
of MES’ Response to NOD Letter Dated May 19, 2025 (Appendix 1), which were taken directly

from the PFT reports, the formation pressure gradient in 2024 was 0.47165 psi/ft and the formation

pressure gradient in 2025 was 0.4733 psi/ft. Therefore, the formation pressure gradient considered

for this analysis as 0.472 psi/ft is reasonable, since it is the approximate average of these two

numbers as well.
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Fracture pressure gradient, Q , using Hubbert & Willis method at injection zone:

. . 0 (0.5) )
Q0 =10 + ? = (0472) + T = 0.639 pSI/ft
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RESPONSE 3(d):

The observed wellhead pressure at MES-1 under non-injection conditions should not be considered
artesian flow because it results from the difference between the formation pressure and the
hydrostatic pressure of the fluid column inside the well, rather than from the formation naturally
flowing to the surface. The formation pressure at 5,203 ft is estimated to be 2,456 psi using a
pressure gradient of 0.472 psi/ft (using 2024 and 2025 PFT data as explained in the previous
paragraph), while the hydrostatic pressure depends entirely on the specific gravity of the fluid
present in the wellbore. A fluid with a specific gravity of 1.09 or greater is sufficient to balance
the formation pressure, resulting in O psi wellhead pressure under static conditions. Therefore, any
positive wellhead pressure observed is simply due to the well containing a lighter fluid column
with insufficient hydrostatic head, not because the formation itself is artesian. As mentioned and
supported in the response to Deficiency Number 1, the fluid in the Arbuckle formation has specific

gravity greater than 1.09.
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DEFICIENCY NO 4

In response to Deficiency No. 6 regarding updates to Mid-Way's Seismic Contingency Plan:
a. Mid-Way provided an updated revised Hall Plot inclusive of the Hall derivative to account
for recent injection data. On the Hall Plot Figures provided in Appendix D, it appears
the full range of the X-axes are not shown on the graphs (Figures 1-1, 1-2, and 2-1);

please provide graphs showing the complete range of values.

b. For Figure 1-1, please provide a sample calculation for rows before and after the
discontinuity occurring on the Analytical Hall Derivative around January 3, 2025.
Please also provide a more detailed explanation for the several discontinuities
appearing on Figures 1-1 and 2-1, most notably the extreme difference in Analytical
Hall Derivative values between 2024 and 2025.

c. Thesecondary vertical axis scales are compressed on the graphs and reduce the utility
of the graphs. Scales should be consistent with the range of the data being presented.

RESPONSE 4(a):

Figure 1-1, 1-2, and 2-1 as provided in Appendix D in December 2025 NOD response has been
updated showing complete range of values as follows. Figure 1-1, 1-2, and 2-1 have been re-
numbered to Figure 4-1, 4-2 and 4-3 to match the current document.
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Hall Plot for MES Class 1 Injection Well
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Figure 4-1: Hall Plot for Mid-Way Class I Injection Well [(a) Hall Integral (Primary Vertical Axis) (b)
Analytical Hall Derivative (Secondary Vertical Axis)]
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Figure 4-2: Hall Plot for Mid-Way Class I Injection Well [(a) Hall Integral (Primary Vertical Axis) (b) Revised
Hall Derivative using the graphical calculation for the slope of the Hall integral (Secondary Vertical Axis)]
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Hall Plot for MES Class 1 Injection Well
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Figure 4-3: Hall Plot for Mid-Way Class | Injection Well (a) Hall Integral (Primary Vertical Axis) (b) Analytical
Hall Derivative (Primary Vertical Axis) (c) Seismic Activity within 10 miles radius (Secondary Vertical Axis)]
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RESPONSE 4(b):

Sample Calculation for rows before and after the discontinuity occurring on the Analytical Hall

Derivative around January 3, 2025 are as follows.

Hall Derivative is calculated using the following Hall Derivative equations (1, 2).

Where,
Uz

B

Parameters, |, kh, re, Pe and s* were used from the 2015 to 2025 Schlumberger Pressure Fall Off
Test (PFT) Reports [Submitted annually to DEQ with the PFT Reports as an attachment] and are

Dni

= UsWi[In(re/rw) - 0.5 + s*]

:Reservoir Factors
U =141.2 B £/ (kh)

: Formation VVolume Factor

summarized in the following table.

[Generally 1 for Water]

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Skin S* -4.56 4,98 153 2.1 9.82 0.93 55 23 16.6 19.8 -4.47
Radial Distance to Pe Ie ft 6810 7980 6810 9640 8380 3200 3400 5760 3000 4269 3743
Permeable Thickness kh md-ft 540000 263000 38800 199000 133000 37740.0 49965 119700 79330.1 | 762103 | 65198
Reservoir Factors G 0.000261 0.000537 0.003639 0.000710 0.001062 0.003741 0.002826 0.001180 0.001780 |0.001853| 0.002166
Reservoir Pressure Pe psig 2516.3 2556.3 2509.3 2490.3 1852.3 2649.3 2518 2522 251457 | 2503.93 2460
Depth ft 5300 5300 5300 5300 5300 5650 5340 5340 5340 5340 5228
Reservoir Pressure @5127 ft Pe psig 2434 2473 2427 2409 1792 2404 2418 2421 2414 2404 2412

Wi : Cumulative Injection [from daily injection historical data in barrels]

I'w : Wellbore radius [0.328 ft]

Hall Derivative calculation for row, 12/30/2024:

0

=130722.34

= 0.001853 x 2452088.67 x [In

0.328

0.5+ 19.8]

A & M Engineering and
Environmental Services, Inc.

45

Mid-Way Environmental Services, Inc.
Stroud, Oklahoma




Hall Derivative calculation for row, 1/3/2025:

O =0.002166 % 2451422.88 % [In

=23236.85

Apparently, the Hall Derivative exhibits different segments corresponding to each year of data
from 2015 to 2025 and this is consistent as previously provided analysis (approved by DEQ in
2021). The segmentations are due to differences between datasets from each year PFT model
(most notably the Radial Distance to P and Skin data).

In the above example calculation, the data variation between 12/30/2024 and 1/3/2025 are

summarized in the following table:

0.328

05+ ( 447)]

2024 2025
Skin S 19.8 -4.47
Radial Distance to Pe re 4269 3743
Permeable Thickness kh 76210.3 65198
Reservoir Factors G 0.001853 | 0.002166
Reservoir Pressure | Pe 2503.93 2460
Depth, ft 5340 5228
Reservoir Pressure @5127 ft Pe 2404 2412
12/30/2024| 1/3/2025
Cumulative Volume, Wi (BBLS) 2452088.67| 2454122.88

The difference in data set used from PFT analysis contributes to a different staring point of Hall
Derivatives in the plot (Figure 4-1). Although the Hall Derivative plot is segmented, the slope of

all the segments is quite consistent.
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RESPONSE 4(¢):

The secondary axis scale in Figure 4-1 (previously Figure 1-1) has been updated (see Response

4(a)).
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DEFICIENCY NO 5

In response to Deficiency No. 8 regarding pressure fall-off tests (""PFTs™):

a. Please include the 2024 and 2025 PFT full reports.

b. Please provide a brief summary of the assessments in Mid -Way's previous January
10, 2014 NOD Response #7 addressing no-flow boundaries observed in the initial
PFTs for the MES-1 injection well (see Item 2 above). Please include a citation and
the reference.

c. Please indicate if features of no-flow boundaries (and / or interferences from the Twin
Cities saltwater disposal well) are reflected in the current PFT data. If not, what
changes 1 conditions have occurred since the initial tests such that no-flow boundary
features are no longer present.

d. Please also address any changes in injection conditions that would explain the drop
in permeability between the first and second PFTs (in 2015 and 2016, respectively) as

shown on Table 8.

RESPONSE 5(a):

2024 and 2025 PFT Reports are attached in the Appendix E
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RESPONSE 5(b):

The following is a summary of the assessments in Mid -Way's previous January 10, 2014, NOD
Response #7 addressing no-flow boundaries observed in the initial PFTs for the MES-1 injection

well:

The second pressure fall-off test conducted for MES #1 has been subject to multiple professional
interpretations, each of which is technically supportable based on the available data. Dr.
Ozbayoglu, consistent with EPA’s assessment, originally applied a finite homogeneous reservoir
model with two possible perpendicular no-flow boundaries and used that framework to evaluate
reservoir response, fracture pressure, anticipated pressure buildup, and wastewater front migration.
Schlumberger, on the other hand, interpreted the data as supporting a dual porosity reservoir model
characterized by a transition between two radial flow regimes. Schlumberger’s re-evaluation
further noted that the later-time pressure derivative response may reflect either the limited injection
duration or the presence of reservoir boundaries but nonetheless continued to support the dual

porosity interpretation based on the observed radial flow behavior.

Mid-Way has also identified additional factors that may have influenced the pressure fall-off test
results and their interpretation, including the use of large volumes of fresh water during testing.
Differences in density and viscosity between the injected fresh water and native formation fluids
may have affected the observed pressure response. In addition, published literature has shown that
injection of fresh water into saltwater-bearing fractured dolomite formations similar to the
Arbuckle may establish convection currents driven by salinity-related density gradients. While the
specific effect of such processes on the MES #1 short-term test cannot be quantified with certainty,
they represent reasonable considerations in evaluating the variability in reservoir model

interpretations.

Notwithstanding these differing interpretations, the available analyses consistently indicate that
conservative, worst-case assumptions were used to assess anticipated operating conditions at MES
#1. Under the proposed injection scenario, projected formation pressure increase, pressure
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distribution, and wastewater front advancement remain within acceptable limits and do not indicate
exceedance of formation fracture pressure or initiation of fractures. Accordingly, the results
support the conclusion that the Arbuckle Group is suitable for the safe injection of wastewater at
MES #1, consistent with its long-standing and widespread use as a disposal interval for fluids
associated with oil and gas exploration and production activities.

Citation/Reference (Appendix F, G, and H)
1. Ozbayoglu, E.M., “Analysis on Hydraulics during Injection Process, and, Pressure Distribution
within the Formation”, Report, Mid-Way MES#1, December, 2013.
2. Gonzalez, Y., “A & M Engineering and Environmental Services, Inc., Well: MES#1 (October
2010) Pressure Fall Off Review”, Report, January, 2014.
3. Response to Notice of Deficiency Letter Dated October 9, 2013 - Response to Deficiency
Number 7
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RESPONSE 5(C):

The 2010 PFT identified a reservoir system influenced by two perpendicular no-flow boundaries
located approximately 1,200 ft from the well, along with possible interference from the nearby
Twin Cities disposal well. These features were inferred from late-time deviations in the pressure
derivative response, which is typical when a pressure transient reaches a boundary or interacts with
external disturbances. The 2010 interpretation also relied on a dual-porosity conceptual model with
strong fracture contribution and stimulation effects, which enhanced the detectability of such

structural or external influences.

The October 2025 PFT shows no diagnostic signature of boundaries or interference. The pressure
transient behavior is well matched using a radial composite reservoir model with infinite boundary
conditions, explicitly indicating that the reservoir is behaving as a system that is effectively
unbounded within the time and spatial scale of the test. The interpretation identifies wellbore
storage, a short duration near wellbore response, and a clear infinite acting radial flow (IARF)
regime between approximately 59 and 68 hours, from which permeability and reservoir pressure
are reliably estimated. There is no reported late-time derivative upturn or stabilization
characteristic of boundary effects, which would normally indicate the presence of impermeable

barriers or pressure interference.

The radius of investigation is approximately 3,743 ft for the 2025 test. This radius extends well
beyond the ~1,200 ft boundary distances inferred in the 2010 analysis. If those boundaries were
still hydraulically significant, they would be expected to be observed in the late-time pressure
derivative. Their absence indicates that either the originally inferred boundaries are no longer
acting as effective no-flow barriers, or their influence has been overwhelmed by broader pressure

equilibration within the reservoir system.

PFT interpretation since at least 2017, including 2025 PFT, consistently supports the assumption

of “infinite boundary” conditions and the explicit exclusion of other wells from the model,
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meaning that no measurable interference from the Twin Cities well is required to match the data.
This shows that any pressure effects are either negligible within the timeframe of the test or have
become sufficiently uniform that they no longer produce a distinct transient signature.

From a pressure transient analysis perspective, any sustained interference from the Twin Cities
disposal well would be observed as late-time deviations in the pressure derivative, such as
boundary effects or non-radial flow behavior. No such features are observed in the 2025 PFT or
other recent tests. Additionally, the radius of investigation for the 2025 test extends beyond the
distance to the previously inferred boundaries and is comparable to the distance to the Twin Cities
well, yet no interference signature is detected. This indicates that any interaction between the wells
is negligible. Since 2010, long-term injection has expanded and stabilized the reservoir pressure
field and introduced radial composite behavior, resulting in a more uniform pressure distribution

that further reduces the detectability and significance of boundary and interference effects.

The absence of no-flow boundary signatures in the 2025 PFT indicates that the previously
interpreted boundaries are no longer hydraulically effective, or were not true impermeable
boundaries. The 2010 interpretation relied on a dual-porosity/fractured model and late-time
derivative behavior that may have reflected transient heterogeneity or limited test duration rather
than true sealing boundaries. Also, sustained injection since 2015 has likely increased reservoir
connectivity through fracture dilation or reactivation, reducing the effectiveness of any semi-
sealing features. Long-term pressure buildup has led to a more uniform pressure field, diminishing
localized gradient effects and the detectability of boundaries in pressure derivatives.
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RESPONSE 5(d):

Permeability estimation in a cylindrical reservoir from a pressure fall-off test is based on the
interpretation of pressure decline following an injection period, typically analyzed using radial
flow theory and superposition principles. During injection, fluid is introduced at a known rate, and
upon shut-in, the pressure response is recorded as the reservoir equilibrates. For a homogeneous,
isotropic reservoir with radial flow geometry, the late-time pressure behavior during the fall-off
period exhibits a semilog straight-line trend when plotted against Horner time. The slope of this
straight line is directly related to the formation permeability—thickness product (kh), as derived
from solutions to the diffusivity equation under radial flow conditions. By identifying the
appropriate infinite-acting radial flow regime and applying the Horner method, permeability can
be calculated using the measured pressure change per logarithmic cycle, fluid properties (viscosity
and formation volume factor), and test conditions (flow rate and thickness of the producing
interval). In cases where reservoir boundaries or heterogeneities exist, deviations from ideal radial
flow behavior may occur, requiring more advanced interpretation methods such as type-curve
matching or numerical modeling. In all cases, the reliability of the permeability estimate depends
on correctly identifying the dominant flow regime and accounting for near-wellbore effects such
as skin, which can significantly influence the pressure response.

The pressure fall-off tests conducted in 2015 and 2016 for the MES #1 injection well exhibit a
clear and substantial reduction in interpreted permeability, accompanied by a fundamental shift in
near-wellbore behavior. In 2015, the interpreted permeability ranged approximately from 1140 to
1800 md depending on the selected analytical model, while the 2016 results indicate a lower
permeability range of approximately 620 to 877 md. At the same time, the skin factor transitioned
from negative values in 2015 (approximately 712.9 to 15.2) to positive values in 2016
(approximately +5 to +10), indicating a shift from enhanced injectivity conditions to near-wellbore

flow restriction.

The 2015 test exhibited an early-time linear flow regime, which is characteristic of high-

conductivity channel flow and suggests that injectivity was enhanced by near wellbore existing
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high conductivity pathways that were active during the test. The 2016 test did not show any
evidence of linear flow, indicating that high conductivity channel dominated flow was no longer
present or no longer contributing significantly to the pressure response. The disappearance of this
flow regime would lead to a significant reduction in the apparent permeability derived from the
test, as pathway conductivity can dominate the pressure response in permeable systems.

The 2015 analysis indicates the absence of near-wellbore flow restriction, while the 2016 analysis
identifies the presence of near-wellbore flow restriction with a positive skin factor. In permeable
carbonate systems such as the Arbuckle Formation, relatively minor pore plugging or mobility
reduction in the near-wellbore region may produce increase in pressure drop and corresponding
decreases in interpreted permeability. Such damage may arise from several mechanisms, including
fines migration, precipitation of scale or other solids, or similar. The injection of fluids with
differing densities and salinities relative to the native formation fluids can lead to mixing, mobility
contrasts, and complex flow behavior, including convective processes within the reservoir. These
effects can enhance the potential for particle transport, chemical reactions, and localized plugging,
all of which contribute to a reduction in effective permeability near the wellbore.

The 2015 PFT was conducted after a prolonged period of minimal or no injection activity, and the
report notes that the pressure response may have been affected by this limited injection history.
The 2016 report further confirms that the late-time behavior observed in the 2015 test was
influenced by the relatively short injection history preceding that test. Under such conditions, the
2015 results may reflect transient cleanup effects or temporarily enhanced injectivity associated
with initial injection into a relatively undisturbed formation. As injection operations continued, the
system would be expected to evolve toward a more representative long-term condition, which is

more likely captured in the 2016 test.

The available evidence indicates that the apparent reduction in permeability between the 2015 and
2016 PFTs is primarily the result of changes in near-wellbore conditions and injection dynamics
rather than a fundamental degradation of the bulk reservoir properties. The 2015 test reflects a
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condition in which injectivity was enhanced by high conductivity channel-dominated flow and the
absence of flow restriction, whereas the 2016 test reflects a system in which pathway effects are
no longer evident and the near-wellbore region has been impaired by restriction mechanisms. This
transition is manifested quantitatively in the increase in required injection pressure, the shift from

negative to positive skin, and the reduction in interpreted permeability.

The observed reduction in permeability between the 2015 and 2016 pressure fall-off tests reflects
a change in permeability rather than a fundamental deterioration of the reservoir. The 2015 results
were influenced by high conductivity channel-dominated flow and limited prior injection history,
which enhanced the measured response, whereas the 2016 results reflect a more stabilized system
with increased near-wellbore resistance and the absence of conductive pathway contribution. As a
result, the lower permeability estimated in 2016 is primarily attributable to near-wellbore flow
restriction and changes in flow regime, rather than a change in the intrinsic properties of the

formation.
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APPENDIX A

WYOMING DEPARTMENT OF ENVIRONMENTAL QUALITY
GUIDANCE DOCUMENT NUMBER 1
PERMITTING OF CLASS | INJECTION WELLS
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UNDERGROUND INJECTION CONTROL PROGRAM
WATER QUALITY DIVISION
WYOMING DEPARTMENT OF ENVIRONMENTAL QUALITY

GUIDANCE DOCUMENT NUMBER 1

PERMITTING OF CLASS I INJECTION WELLS

May 11, 1994

THIS GUIDANCE DOCUMENT WAS PREPARED BY THE WATER QUALITY DIVISION
OF THE WYOMING DEPARTMENT OF ENVIRONMENTAL QUALITY TO PROVIDE
GUIDANCE IN THE PREPARATION OF PERMIT APPLICATIONS FOR CLASS I
INJECTION WELLS. THIS DOCUMENT IS MEANT TO EXPLAIN THE TECHNICAL
ASPECTS OF THE PERMITTING PROCESS BUT THIS DOCUMENT SHOULD NOT BE
QUOTED IN APPLICATIONS. IF THERE ARE ANY CONFLICTS BETWEEN THIS
DOCUMENT AND THE REGULATIONS, THE REGULATIONS WILL PREVAIL.



Guidance Document #1 Permitting of Class I Wells
Underground Injection Control Program

Section 1.0 The Area Of Review Calculation

Chapter XIII, Section 5(b) (iv) states that:
"(b) A complete application for a Class I well shall include:

(iv) A calculation of the area of review, which requires
the calculation of the cone of influence and the area of
the ultimate limit of emplaced waste."

Determining the area of review is important and should be done as
soon as information can be gathered about the site of the
injection. It is recommended that this calculation be done before
land work is done and before extensive effort is made to accumulate
information about adjacent wells. The area of review will
determine how much work is required in both of these areas.

1.1 The Cone of Influence.

There are three separate calculations required. The first of these
calculations is called the cone of influence. Section 5(b) (iv) (A)
states that the cone of influence is calculated as:

"(A) The formula for determining the cone of
influence is:

r = (2.25 KHt | % (EQUATION 1)
S10*

where: x = (L B ) (41rKH ) (EQUATION 2)
G 2.30

Radius of the cone of influence of an
injection well (feet)

Hydraulic conductivity of the injection zone
(feet/day)

Thickness of the injection zone (feet)

Time of injection (days)

Storage coefficient (dimensionless)

Injection rate (cubic feet/day)

Original hydrostatic head of injection =zone
(feet) measured from the base of the injection
zone

Hydrostatic head of wunderground source of
drinking water (feet) measured from the base
of the injection zone

Specific gravity of fluid in the injection
zone (dimensionless)

3.142 (dimensionless)"
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The abovg calculgtion would be easily done, except that most of the
1pformatlon ajallable is likely to be in different units. The
?1rs§ conversion .that usually has to be done is to convert
intrinsic per@eablliyy in millidarcies to the permeability in
ft{day whlchlls required by the above formula. The formula for
this conversion is as follows:

K = K (pg/u) (EQUATION 3)

where: K = Permeability in cm/sec

K; = Intrinsic Permeability in millidarcies

p = .999099 gm/cm® - the density of water

g = 980 cm/sec? - the acceleration of gravity

U = .011404 gm/ (sec cm)
and: there are 9.87 x 10?° cm?/darcy
and: there are 2835 ft/day per cm/sec

EXAMPLE: An applicant finds that the receiver has a reported
intrinsic permeability of 107 millidarcies.

K; = 107 millidarcies = .107 darcies

K; = (.107 darcies) (9.87 X 10®° cm?’/darcy)

K, = 1.056 X 10° cm?

K = (1.056 X 10° cm?) (.999099 gm/cm’) (980 cm/sec?)
.011404 gm/ (sec cm)

= 90.665 X 10° cm/sec
K = (90.665 X 10° cm/sec) (2835 ft/day / cm/sec)
K = .2570 ft/day

The thigknegs.of the injection zone is the entire thickneés of the
zone being injected into which is hydrologically continuous. This
is regardless of the interval actually perforated.

EXAMPLE: An applicant wishes to inject into the Minnelusa
Formation at a depth of 8596 feet. The perforated interval is
8586 to 8596. The Minnelusa Formation itself extends from
8586 to 8603. The thickness of the injection zone is
"therefore, 8603 - 8586 = 17 feet.

The pumping time is the duration of the permit being sought,
usually 10 years or 3650 days. This value is entered in days. The

Guidance Document #1 Permitting of Class I Wells

Underground Injection Control Program

pumping time used should be the total planned duration of the
project. If you intend to inject for 25 years, then that should be
what is used. The permit itself must be reissued every 10 years,
but the duration used should be the project duration, not the
permit duration. These permits allow for injection continuously,
there is no provision for limiting injection to working days. For
this reason, the pumping time should be based on 365 day years.

EXAMPLE: The applicant wishes to inject for only 10 years and
then plans to shut in the well. 10 years X 365 days = 3650
days.

The Coefficient of Storage is the thickness of the injection zone
multiplied by 10%/ft. This is per the EPA Guidance Document on
Area of Review calculations on page V-14. The coefficient of
storage is a dimensionless number.

EXAMPLE: The Minnelusa Formation is 17 feet thick at this
location. The coefficient of storage is therefore 17 X 10°.

There are two terms in equation 1 which now must be determined.
B, the original hydrostatic head of injection zone (feet), and W,
the hydrostatic head of underground source of drinking water (USDW)
(feet). The important point in determining these values is that
they must both be measured from the same datum. In the
regulations, it states that they should both be measured from the
base of the injection zone. By measuring them from the base of the
injection zone, one is always subtracting one positive number from
another positive number. The most troublesome number to determine
may be the static head in the overlying USDW. Some assumption is
usually necessary. The applicant can look to USGS water supply
papers, for estimates of water levels in wells, or one can make the
assumption that the USDW is under artesian head at the location, or
one can make the assumption that the deepest USDW is a water table
aquifer with no artesian head. The most conservative assumption
that can be made is to assume that the head on the USDW exactly
equals the head in the receiver. If this assumption is made, the
entire equation reduces to the radius within which there will be
any increase in reservoir pressure.

EXAMPLE: The reservoir pressure in the Minnelusa Formation at
this location is 2000 psi. Converting this to a static
pressure will yield a pressure in feet of water as measured
from the base of the injection zone.

2000 psi / .433 psi/ft = 4615 feet
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The pressure in the overlying USDW in this case has been
approximated by the land surface. At this location, well
within the boundaries of the Powder River Basin, most aquifers
are under artesian head, but not a great deal of artesian
head. Assuming that the head is just great enough to bring
the water to the surface from the deepest USDW means that the
depth to the base of the receiver becomes the head in the
USDW. In this example the head is 8603 feet.

W - B = 8603 - 4615 = 3988 feet

The next step in the example is to convert the Q or discharge rate
into the units required by the equation. If you are using barrels
per day (bbl/day) or gallons per day (gal/day), which are the
normal units, you must convert to cubic feet per day. There are 42
gallons per barrel and 7.48 gallons per cubic foot.

EXAMPLE: The applicant wishes to inject 2000 bbl/day.
Q = 2000 bbl/day = (2000 bbl/day) (42 gal/bbl)/7.48 gal/ft?
0 11,229 cubic feet per day -

The next step is to determine the specific gravity of the fluid in
the injection zone. Fresh water has a specific gravity of 1.00.
The most concentrated brine, with a TDS of 280,000 mg/l has a
specific gravity of 1.1. It may be possible to find measured
specific gravity numbers. The so called API standard water
analyses for produced water many times has the specific gravity
determined. 1If these numbers are not available, one can assume a
straight line relationship exists between specific gravity and TDS.
The following example shows how this calculation would be done.

EXAMPLE: The fluid in the injection zone has been shown to
contain 200,000 mg/l in Total Dissolved Solids.

G -1 = 1.3 = 1 (EQUATION 4)
200,000 280,000
G -1 = .0714

G = 1.0714

Guidance Document #1
Underground Injection Control Program

Permitting of Class I Wells

At this point in the example, we are ready to calculate the
exponential term (EQUATION 2) which goes in the denominator under
the radical. The equation for this exponential term is, in itself,
quite complex. The equation is:

x=|_W_ _p 47KH ) (EQUATION 2)
G 2.30
EXAMPLE :
X =

( 8603 ft _4m5ﬁ) 4(3.14) (.257ft/day) (17 ft )
1.0714 (2.3) (11,229 ft?*/day)

b d (3414) (.0021) = 7.2589"

The final calculation is then made into equation 1 as follows:

r = (2.25 KHt | “ (EQUATION 1)
S10*
r = ( 2.25) (.257ft/day) (17ft) (3650 days)| *
(17 X 10%) (107*®)
r = 32 feet

The above equation will generally yield a larger number as the
difference between W and B becomes smaller. For example, in the
above calculation, if the difference had been 2500 feet instead of
the 3,414 which was calculated, then r would have been 78 feet
instead of 32 feet. This should not be surprising. From an
environmental point of wview, the best receiver will be one which
has a very low initial reservoir pressure, especially compared to
any overlying USDW. Applicants will find that played out oil
producing zones, particularly those zones which have had large
volumes of fluid removed and not replaced.

The regulations do not preclude injecting into a zone which may be
overpressurized prior to injection. However, this department will
look at these applications very carefully in terms of plugging of
existing wells, and the quality of construction. In the event that
the zone to be injected into is already at a pressure higher than
the USDW, the above equation would yield infinity. Applicants
should use the assumption that the pressure in the USDW exactly
equals the pressure in the receiver. This will yield the total
radius .of any increased pressure in the receiver as a result of the