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ABSTRACT

The Hereford projedh northeast Coloradeas created to allow fangineeringgeophysical
andgeological disciplines to be applied for a case study processaximumhydrocarbon
extraction Thisprogramis designed to be appliedfudl field development through pilot programs
in shale plays across North America.

This thesis explores the application of fiber optic technology to advance integrative
approaches for understanding hydraulic stimulation processes. Leveraging Distributed Acoustic
Sensing (DAS) technology, the research focuses on evalimifigngthrelationshipduring well
completions. The study emplogscommercial hydraulic fracturirgpftware as the central platform
for integrating geological, geophysical, and engineering techniques, providing a comprehensive
framework for fracture modeling and analysihe projectjn the DenvetJulesburg (DJ) Basin of
Colorado.centers ordevelopment of a geomechanical model basegeotogi@l and geophsical
input data Multi-well simulations wereanductedo estimate refined fracture haéfingths () and

heights, identifying significant variability and comparing results witfigld measurements.

Depletion(pressure and productioim) legacy wellsandfiber optic diagnostics, were
integrated into the study to evaluate reservoir contact and completion stimulation efficacy. The
diagnostics provide insights into staggstage and wello-well interactions. Suistage resolution
analysis, stress orientatiometrics, and seismic attributes, further enhanced the understanding of
production dynamics and validated results against Surface Well Pressure Monitoring (SWPM)
techniques.Production history matching served as a critical measure for validatingnidteand
padlevel completion diagnostics, enabling a deeper understanding of reservoir interactions.
Additional applications and processegintroduced to assess their impact on production

performance, culminating in recommendations for optimizing future develostnatagies.
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CHAPTER1 INTRODUCTION

Fiber optic applicationsvhen applied in pilot projects of differing basins in North America
can be a useful exercise for direction of full field developm@&he primary goals of this project
work areto utilize related fiber optic and engineering data as input into a fracturdingpsieftware
for further completion and production history match understandihg. secondoalis to utilize
ancillary geophysical and geological data to further refine the model for completion interaction with
the targeted reservoir rocKhe third project goak the development and application of a new
technology providing for a quantitative and qualitative description of well bore interaction with
reservoir rock, per utilization of the fiber optic cable with engineering methodoklythe above
stated goalslw for the various descriptions of hydraulic stimulation of reservoir rokaation
(propped, effective, half and mieseismic lengths) for stimulated reservoir volume (SRV)
measurementsThe given reservoir interaction SRV will allow for further field development from

the pilot learnings.

The focus of the project work for this thesis is a program located in the Réulesburg (DJ)
basin of northern ColoraddJtilization of learnings from two othd®CP projects(Wattenberg and
Eagle Fordlhasallowedfor an overall understanding of geometrical descriptions and best practices

in the related application of pilot programs for further field development.

1.1 Motivation for The Study

Motivation for this study was based upon the need to gather more information about fiber optic
methods of extractingydraulic fracturgoropagatiordata, and the development of new applications
to model and determiressociateavell productivity. Hydraulic fracturing has historically been the
primary stimulation process for development of unconventional resource plays in the United States

(Ganat 202Q) The process, however, requires a much nmdepthunderstanding due to lithologic



differences in reservoir scaled properties. Haganced understanding requires a multidisciplinary
approach utilizinggngineeringgeophysics andeology as well as othéacetsthat can somewhat be
considered encompassed in these three disciplines (geochemistry for example). This study shows a
generalized attempt at combining the disciplittgsrovide a greater value add for pilot projectb¢o

utilized forfull field development.

1.2 Research Objectives

This researcls intendedo providea betterstimulationdescriptionof reservoir contact and
relatable producibilityo a multiwell pad locatedn the DJ basin of Coloraddlhe primary datset
utilized for this project is contained in Pad 17 of the HerelRoogectlocated in Weld Conty CO
near the Wyoming bordefThis pad contains two fiber optic installed wells thareused forboth
treatmentescriptionof their selfcontained system and the completion operations applied to each
individual well. Further, the fiber wellsvere useds monitor wells for completions of other wells
involved in the zippefracturingoperations of Pad 17The project specific objectives necesdary

achieve tle overallgoak are listed as follows:

1. Developmentf aprocess toefinethefracture half-length (%) andfracture height thais
createdduring operations to produceSimulated Reservoir Volum@&RY) (also referred to
as areEnhanced Permeability Region) through hydraulic stimulation of each well.

2. Review learnings and perform a qualitative/quantitative analysis of the various factors
influencing production to demonstrate how fiber optic can be utilized in field applisation

3. Introduce/develop additional applications to aid in building a clarffesstriptionof the

fracture propagatioand the associated definitions of various fracture length measurements



1.3The Hereford Project
This thesis is based upon work investigating and capturing data for the H&tafaid
Projectof the Chalk Bluffs areaThe data was broken into three categoeegineering data,

geophysical data, and geological datese arelescribed in Sections 1.3113.3.

1.3.1 Geology

The project area exists in the northeastern part of Colorado in the region of the-Denver
Julesburg (DJ) BasinHighPoint Resources Corporation intended to develop the Herlgildd
directly south of the Wyoming state border line to Colorddevelopmentanalogougo that in the

Wattenberg and Eagle Ford fisld the objectivan the Herefordield area (Figurd.1) (Burke

2019).
RIS Goshen I-|
A::: " o @ Denver-Julesburg Basin
. Sand Wash Basin
Wyoming| Deuel
Colorado Sedgmice

pson Larimer
Wattenburg
Yuma

Clear Creek

eark
- |
? Fedler Cheyenne

Figure 11 - General area for the Denver Julesburg Basin as used for analogy to Wattenberg field
(left). Western Interior SeawayAnalogous depositional setting of Eagle Ford to Wattenberg and
Hereford areas (right) (Burke 2019)he Hereford Field area is noted by the red star.

The primary target intervals are the Niobrara B Chalk and the Codell Sandstane.

Niobrara Formation is described as an orgaiuic, selfsourced rock composed of chalks and marls

from alternating depositionsThe Codell sandstone is part of the Gafitormation and resides



directly below the Niobrara Formatiof.he type log shows the general time frame and lithologic

zone targets for the staggered production in the project (FigeiréBurke 2019).
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Figurel.2 - Stratigraphic column showing the Niobrara section relative to the Codell Sandstone
(left). Hereford Fieldtypelog showing the general relative position for landing zones chosen for the
project (right) (Burke 2019).

1.3.2 Project Characteristics
Effectively, there are four pads associated with the data for this prdjabte 1.1 showthe
data loaded in Petrel which provglhe geological reference data (Figdt8). Figure 1.3 &0
shows the general concept map provided by the operdthis showshe existence of three fiber
wells utilized for engineering and geophysical acquisitibhe primary concentration for this study
is Pad 17.Thereis some focus on Pad 16 as it relates to potential interaction with Pad 17, however, it

is secondaryo wellbore interaction on Pad 17.
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Figurel.3 - Petrel project showing the general relative locations of the four pads (eftjeral
concept map demonstrating the fiber well locations provided by the operator (Higgtoric legacy
wells running NWSE are also shown on the right.

Table 1.1 Listingof the data given for the Hereford project, categorized into engineering, geophysical
and geological data.

| Category H Data Type \
|Engineering Datd\Distributed Temperature Sensing (DTS) in two wells \
| |Pressure (pressure gradient, ISIP) |
| |[Completion and treatment |
| |Diagnostic Fracture Injection Test (DFIT) |
|Geophysica| Datd\Distributed Acoustic Sensing (DAS) in two wells (including DAS microseisi
| HFiber VSP (Vertical Seismic Profiling) tirdapse monitoring ]
| HSD seismic volumes (a 4 sq mi volume and a larger 12 sq mi merged V0|l,‘
| |Surface microseismic |
|
|
;
|
|
|
|

| [Tiltmeter
IGeological Data |[Full quad combo and sonic scanner log suite in pilot well
| HXRD (X-ray Diffraction) and XRF (Xray Fluorescence)

HCuttings

|Gas, mud gas, oil, and water composition

HLWD (Logging While Drilling) gamma
|Core available from nearby wells

|
|
| HCMR (Combinable Magnetic Resonance)itro-resistivity image log
|
|
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Table 1.1is just an example as there are other dataseta/énatconsideretbr integration in
this project. It should also be noted that additional technologies were applied to this phafeate
not listed above A ReveaE (Lerohl et al 2020) program was implemented as well as down hole
pressure gauged.hese datasets were initially considered as unreliable, however, there should be
some investigation into their usability for project efficatyegacy well configuration should also be
notedas trere are multiple wells, drilled obtuse, prior to théling of padsl6 and 17 (Figuré.3).

Completion and treatment data were provided by the operator in numerous fdfibats.
well s were the concentration; howompletondesigaddi ti o
parameters were given with stage/perforation interval designafios fiber optic response
combined with operations information providedsa key component to provide learning for the

stimulation effectiveness of the project.

1.3.3 Project Focus Area

The project focus area for this stucyncentrateprimarily on Pad 17gescribedn the
previous sectionFigure 1.4shows a more precise description of thad as the data was imported
and transferred from the previous software (PEf)gBekbossino2021)to GOHFERM. Petrel™
software is a platform that was chosen for its ability to load multiple types of data and visualize these
data inthreedimensions. The software is developed and maintained by SchlumBefiyeare
Solutions. The Reservoir Characterization Project (RCP) at the Colorado School of Mines obtains a
license with the product and it was chosen as a visualization tool for itsinfiatthational loading.
GOHFERM or Grid Oriented Hydraulic Fracture Extension Replicator is a dynamicngebanical
modeling too] owned by Halliburtonysed in the industry for its ability to describe the extension of

fractures due to stimulation processes applied to the reservoir rock. The platform makes it ideal for



introducing stimulation data and external processes to determine reservoir contact and its contribution

I

to hydrocarbon production.
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Figurel.4- Petrel™ project showing the general relative locations of the four pautsvg. Data
exported from Petr&! into GOHFERM (below).



In GOHFERMt he well s are displayed with the prev

obtuselyNW-SE across the sections. Pad drilling saotatimorth andvas to bezippercompletedeast

to westto enhance recovery of hydrocarbons across the many sectioes! by the operator.

1.3.4 Available Data

All available data were considered in #tady;however, some data were considered more
useful. The log data was imported directly into the softwarkages The GSLIB file from
PetrelM wasutilized to generate the foundation for the geological horizon and generalized tilt into
thefracture model software. Treatment curves were utilizeddetiationsurveys directly from the
data provided in engineering operations folders from the operator. These wenegbead,and
quality control checkedith thePetrelM project. Additional datavasconsidered related to the
permaneninstallation of permanent fiberThis provided information related to perforation

efficiency or cluster efficiency as well as the low frequency DAS measurement comparisons.



CHAPTER2 LITERATURE REVIEW

There are several conceftsm past researdhat should be considered related to the

proposed thesis work and objectivé®everal of these concepts are discuss&gations2.1-2.9.
2.1UnconventionalReservoir Stimulation

The utilization of well logs in unconventional reservoirs can be a difficult task to interpret and
to gain full understanding of reservoir conditioddethods used to determine rock mechanical
properties and stressare conditional to the validity of raw input measurements and appropriate
applicability to unconventional reservoirs during hydraulic fracturing as the assumptions may not be
valid. This can be especially true for measurements of sonic log velocities feo&ors such as
laminations, exterdatress, temperature, borehole conditions (breakouts, mud composition, borehole
size, and tool eccentricity), pore pressure, etc. can cause a variatatic versus dynamic rock
property descriptions (Barree et 2009). To further complicate the process of stimulation design
and permeability enhancement, issues of geometrical versus selective completions are introduced into
the process.

Correlative development from vertical wdblg measurements can be extended to horizontal
applicatiorsin order to provide insights for preferred initiation areas to be perforated (Barree et al
2014). Here a process to separate the various components such as potassium +thmjuof (K
gammaray logs from the total gamnray (GR) curves can aid in the correlation of total organic
carbon (TOC). It is further important to keep in mind the role that reservoir geomechanics plays in
the process of stimulation and production of horizontal wéltsa givenlocation ongoing
sedimentation increases the overburden stress which, in turn, will tend to cause compaction and
porosity loss (Zoback 2010¢oback and others have continued to describe the effects of overburden

stress in unconventional type reservoirs, narabbjes.



Fracture modelingan utilize the information collected irDaagnostic Fracture Injection Test
(DFIT) or as some call it a mififac, to calibrate the base moddturther investigatiois necessary
to fully understand the injection test utilized in the fracture modelling programs as this is the basis of
some of the previous work in this stu@ekbossinov 2021)

The Reveal Enerd} technology is designed around the concept of pressure gauge
monitoring (including leatoff analysis) through offset well design to estimate the dominant fracture
created through stimulatiorhe concept is to keep an open port or stage connected tarfiiees
pressure monitor (typically) while completing a various nhumber of stages of the offset well adjacent
(Lerohl et al 2020). This process allows the service company to estimate a fracture half lefgth (X
and height.There is some debate in the isthy whetherthe pressure provided by thechniqueat
surface would be the same as measured with a-thaenpressure monitor system.

Microseismic and tiltmeter measurements have been a form of measurement fatoover
decade now in unconventional resource extraction, however, their applicability has varied widely
throughout the industr§Teff et al 2016) Tiltmeters can be a useable technique from the surface for
CQO injection projects to aid in the direction of the sweep of fluids in the resefwa@m a downhole
perspective, tiltmeters can give useful information for fracture height and width, however, the desired
location of the monitor unit requires proximityttee treatment wellMoradiet al.2021) Surface
microseismic methods can be very useful and correlative regarding horizontal (XY) descriptions,
including fracture azimuthDownhole methods tend to favor vertical fracture descriptions and
usually contan greater detail than surface metho@4ten it is necessary to combine both methods to
make up for the deficiencies of the other method (Teff. &0dl6). Once the compensation for
deficiency is accomplishedeveral consistencies can be seen with fracture mo#dtitionally,

integrative projects in the nearby Wattenberg Field of Colorado have provided useful learnings
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utilizing integrative methods from tirapse programs integrated with fracture models (Alfataierge
et al 2019)

Fiber optic sensing has become an incredgipgpularmethod for utilization in projects in
various basins of North American shale play developmeéhe first primary utilizationby Shell Oil
Companywas to determine cluster efficiency through the interrogation of the fiber with distributed
acoustic sensing (DAS) and distributed temperature sensing (Db&naar et al. 2011)The
effective principle is that light is passed through the optical lattice of the fiber optic cable and the
disturbance of diffraction of signal is utilized as a measure of strain in the ddb$ecan show
changes in the acoustic flux of a port/tirsas well as thermal warm back changes as fluid is
introduced from the resvoir into the wellbore Another term for cluster efficiency is the uniformity
index (UI) (Stark et al. 202Q)ut the terms are very similar in that they indicate some measure of
port flow through the individual cluster contained in a stage.

Additional methods utilizing geophysical techniques have aided in the search for fracture
effects in stimulation monitoringDAS microseismic has been one utilized method, howéver,
usually suffers from the unidirectionality of the strain measurement in the fiber optic takle.
frequency DAS measurements show potentialifaterstanding fracture hits with understanding of
0-.5Hz strain measurement into the fiber optic caldlech can be correlated with microseismic from
an adjacent well at the time of stimulation (Jin and R@Y/7). Further investigation into the fracture
model will be necessary to validate this correlation as tkgyetentialfor error in this
measurementThe fracture modedeveloped in this researpiovides insight into the geometrical
variance from the strain geometry descriptions.

TheVertical Seismic Profile\(SP) is another method that has been utilized from a
geophysical measurement to understand hydraulic stimuldtiahis casetypical images have been

proven to be representative of classical methods that utilize mechanically driven sondes for energy
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and velocity captureThe primary benefit for the DASSP is that the receiver remains static
throughout timdapse methods and with a considerably large source (surface vitrrdigramite for
example), a crossover for engineering methods is considered as a statistical bombardment of acoustic

waves into the static receiver (Teff et2017).

2.2 Hydraulic Fracturing

Hydraulic fracturing is the process of injecting fluid, proppamrd/orother potential
materials, witha high-pressuresystem at the surface of a pad, into a horizontal (or verticalmezll
zone of interesfGandossand Von EstorfR015) This study concentrag@n horizontal wells
separated by a pluegndperf system for stage isolation. The intention is to create hydraulic fractures
by exceeding the formation rock strength at a particular zone in a manner faster than the fluid is
allowed to leak off. Three modes of fracturing are opening, due to téorsis, slidig and tearing,

due to shear stress where the force is inline and orthqgespéctively(Lawn 1975)

Principal stresses of a field are a key driver in a particular play and can control the dominance
of the abovementioned modes of fracturing. Principle stresses along with geomechanical properties,
of the formation, control the reaction of forces that deternfi@ertinimum horizontal stresas

shown in Figure 2.1 This can be demonstrated uskhg (2.1) (Barree et al. 2009):

o, — ., |V /' o -0 , (2.1

Where by;

» 0. tectonic stress, psi

» . minimum horizontal stress, psi
,» 0. overburderpressure, psi

Pp: pore pressure, psi

Pc: total fracture closure streses minimum insitu stresspsi
12



- horizontal tectonic strain, microstrain

E: Youngds modulus, million psi
Vo Poissonbs ratio, wunitl ess

| 0: vertical poroelastic constant, unitless

| :horizontal poroelastic constant, unitless
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Figure2.1- Orientations and magnitudes of principle stress fault conditions (World Stress Map 2016)

The intention of hydraulic fracturing is to increase the amount of conductivity and contact
from the well to the reservoir formation. This is done by increasing the nwhfacture channels
in the reservoir and treatment zenehen injedng fluid and proppant. The proppant is used to keep
the fractureopen after initiation (Miskimins 2Z). The desired effect of the procesarsncrease
the effective stimulated reservoir volume (SRV) or the enhanced permeability region. This region
describes a volumetric area that can be broken down into components, height, length and width, of

altered fracture geometry and conductivity.

2.3 Hydraulic Fracture Geometry

Fracture geometry can be broken down into length, height, and width in order to describe the
process of changing the overall SRV or enhanced permeability region. Length refers to the distance
the fracture extends horizontally through the rock formattmight refers to the vertical extent of the

fracture, or the distance between the top and bottom of the crack. Width refers to the distance across
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the fracture, or the thickness of the cratkength and height measurements can vary on the same
treatment depending on what characteristic is being evaluated, i.e. propped versus fluid or effective

(Alrashedet al.2019)

The size and shape of the SRV or enhanced permeability region can be influenced by the
fracture geometry, as well as other factors such as the orientation and spacing of the fractures, the
properties of theaservoir and the hydraulic fracturing treatment design. Understanding fracture
geometry is important for optimizing hydraulic fracturing operations and maximizing production

from oil and gas reservoirs.

During hydraulic fracturing, a higpressure fluid is injected into a wellbore to create
fractures in the surrounding rock formation. The fluid pressure causes the rock to crack and fracture,

and the injected fluid fills the fractures, creating channelsifar gas to flow to the wellbore.

In some cases, thgydraulicfractures can extend beyond the targeted zétmvever, the
length of the induced fractures depends on various factors such as the type of rock formation, the
properties of the injected fluid, and the pressure applied. Maintaining high pressure during hydraulic
fracturing can indeedreate longemwider, andhigherfractures in the rock formation. The pressure of
the injected fluid causes the rock to break and form fractures, and the continued injection of fluid at

high pressw helps to propagate these fractures further.

As the fluidproppants injected into the fractures, it fills the void spaces, creating channels
through which oil or gas can flow. The height of the fractures can increase as the fluid continues to be
injected, and the width of the fractures can also expand as the pressted by the fluid causes the

rock to break and create new cracks.

Thin fluid and low pumping rates during hydraulic fracturing can result in narrower fractures
(Perkins and Kern 1961). Thin fluid, which has a low viscosity, is less effective at creating the high
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pressure needed to break the rock formation and create fractures. This can result in smaller fractures
that are not as long, wide, or talt combinationas desiredin the case of slickwater length

dominates the geometrical attributds) contrast, thicker fluid with higher viscosity is more effective

at creating and maintaining the high pressure needed to create larger fractures. Similarly, low
pumping rates can result in less fluid being injected into the welldarang a given time period

which can lead to lower pressure and smaller fractures. Higher pumping rates can help to create and

maintain higher pressuend lower leakoffwhich can result in larger fractures.

However, it's important to note that the ideal combination of fluid viscosity, pumping rate,
and pressure depends on the specific geological and reservoir conditions of the well. Factors such as
the type of rock formation, its permeability, and the degweduction goalsall play a role in
determining the optimal hydraulic fracturing parametéiise goal of hydraulic fracturing is to create
fractures that are long enough to provide access to the desired hydrocarbon resources while avoiding
fractures that are too long or too complex, which can resuleikto-well interference andecreased

productivityand effective economics

Induced fracture length can be described by four lengths: microseismic length, hydraulic
length, propped length, and effective len@thskimins 2@0; Cipolla et al. 2008) Microseismic
length is the length of the fracture that can be detected by microseismic monitoring. Microseismic
monitoring uses an array of sensors to detect the small seismic events that occur as the rock fractures
during hydraulic fracturing. The migseismic length is an estimate of the overall length of the

induced fractures.

Hydraulic length is the length of the fracture that is created and maintained by the hydraulic
pressure of the fluiduring injection The hydraulic length is usual@iifferentthan the microseismic

length because some of the induced fractures may not generate enough seismic activity to be detected
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by microseismic monitoring. Propped length is the length of the fracture that is held open by the
proppant, which is a material (such as sand) that is injected into the fracture to keep it from closing
after the hydraulic pressure is released. The prolgoeh is usually shorter than the hydraulic

length because some parts of the fracture may not be effeqirnoglged or the proppant not

effectively transported Effective length is the length of the fracture that is contributing to the flow of
oil or gas to the wellbore. The effective length is influenced by factors such as the placement of the
injection points, the distribution of the proppant, and the permeaaiidypore pressuid the rock
formation. The effective length is usuasiignificantly shorterthan the hydraulic length andll vary

depending on the specific geological and reservoir conditions of the well.

Other descriptions are related to the contribution to the SRV or enhanced permeability region
andcontribute to the producibility of a well. Effective descriptions are considered to be the most
important geometries contributing to production and controls on rate (Miskinm2@s Qipolla et al.

2008).

24 Hydraulic Fracture Conductivity

In unconventional reservoirs, such as shale, tight sandstone, or coal, most of the hydrocarbon
flow occurs in natural and induced fractures rather than in the matrix of the rock itself. These
reservoirs have low permeability, meaning that the oil oiggaapped in the rock and cannot flow
easily through the pord&anat2020) Therefore, hydrocarbons are primarily produced through the
interconnected network of fractures that provide a pathway for the fluids to flow to the wellbore.
Natural fractures, which are pexisting fractures in the rock formation, can enhance the
permeability and provide channels for the hydrocarbons to flow. However, in unconventional
reservoirs, the natural fractures may not be sufficient to allow for economic production of the
hydrocarbons. Therefore, hydraulic fracturing is used to credteoadl fractures and enhance the

connectivity between them, which can significantly increase the permeability and improve the
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production rates. The induced fractures can intersect the natural fractures, which can further enhance
the flow of hydrocarbons. The fracture conductivélationshipcan be described as a ratio to

reservoir deliverability byeq. (2.2) (Cinco et al. 1978).

0 — 2.2

Where by;

Feo: Dimensionless fracture conductivity, unitless
w:. Fracture width, ft

ki: Fracture permeability, md

k: Formation permeability, md

Xs: Fracture half length

2.5 Hydraulic Fracturing Modeling

There are a number of fracture models that have been utilized in industry to describe the
effect ofthehydraulic stimulation process to enhance the permeability region. The model used for
this study is a fluid dynamic model utilizingreedimensional analysis of stress and fluid/proppant
rate injectability reaction with gemodel parameters input to the mo(earree 2015) Models for
multistage horizontal wells should take into consideration the interference between stages and within
a stage. Interfence between stages occurs when the fractures created by one stage of the wellbore
intersect or overlap with the fractures created by a neighboring stage. This can lead to reduced
production and lower overall efficiency of the w@anriquez2019) To properly model this, the
hydraulic fracture propagation and interaction between stages should be considered, along with the

spacing and sequencing of the stages.
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Within a stage, interference can occur due to a variety of factors such as variations in rock
properties, wellbore orientation, and completion design. This can result in uneven distribution of
proppant and fluid within the fracture network, which can inhpasduction rate§Gandossand Von
Estorff 2015) Proper modeling should account for these factors and incorporate them into the design
of the completion strategy. Overall, accounting for interference is critical to optimize the
performance of multistage horizontal wells and maximize the recoverydobd¢grbons from the

reservoir.

2.6 Stress Shadowing

Stress shadowing is a phenomenon that occurs in hydraulic fracturing when the creation of a
fracture in a rock formation affects the stress state of the surrounding rock, leading to changes in the
behavior of neighboring fractures. Specifically, when attnee is created in a rock formation, it
causes a redistribution of stresses in the surrounding rock, with the highest stresses concentrated at
the tips of the fracture. These high stresses can create a zone of reduced stress around the fracture,

known aghe "stress shaddwFisher et al. 2004)

When a subsequent fracture is created near the original fracture, the presence of the stress
shadow can affect the behavior of the new fracture. Specifically, the reduced stress in the stress
shadow can make mhore difficult for the new fracture to propagate in certain directions, leading to
changes in the shape and orientation of the fracture. This can have important implications for
hydraulic fracturing operations, as it can affect the productivity and uétireabvery of
hydrocarbons from the formatiof.o mitigate the effects of stress shadowing, a number of strategies
can be employed. These may include adjusting the spacing and orientation of hydraulic fracturing
stages, optimizing the placement of weldk®rand using advanced modeling techniques to predict the

behavior of the reservoir and optimize the completion dg8&igmree 2015)
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2.7 Well Interference

In unconventional reservoirs such as shale gas, tight gas, and tight oil, the well spacing is
often much tighter than in conventional reservoirs. This means that multiple wells are drilled in close
proximity to each other, which can lead to interfereretgvben the wellboth during stimulation and
production(Vidma et al. 2019)Additionally, these reservoirs often require large volumes of
fracturing fluid to be injected into the formation in order to create and maintain fractures that allow
for the prodation of hydrocarbon/Nang2022) This can further exacerbate the problem of
interference between wells. Interference between wells can occur in a number of ways. For example,
when multiple wells are producing from the same formation, they can create a pressure drawdown
that affects théow of fluids in neighboring wells. This can result in reduced production rates or
even premature well shutdowns. In some cases, interference can even lead to communication between

wells, which can further complicate the situat{®ddma et al. 209).

To mitigate interference in unconventional reservoirs, a number of strategies can be
employed. One approach is to optimize the well spacing and fracture design to minimize the potential
for interference. This may involve using advanced modeling techniqumsdict the behavior of the
reservoir and optimize the placement of wells and fractures. Timing and location of well interference

are critical factors in understanding pad communicdiao et al. 2017)

In terms of time, interference can be either early or late. Early interference occurs when one
well affects the performance of a neighboring well shortly after it is put into production. This can
happen when the pressure drawdown caused by the produdiraffects the flow of fluids in
nearby wells, leading to reduced production rategeinterference, on the other hand, occurs when
the effects of one well on a neighboring well are not observedsamtiétimeafter both wells have
been in production. This can be causedéyerafactors, including changes in the reservoir over

time, changes in the production strategy, or changes in the completion design.
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Understanding the timing and location of well interference can be important for developing
strategies to mitigate its effects and optimize production in unconventional res@vianrsquez
2019) There were a number of experimental process measurements implementedurrehis

study to further delimit the well interference and their comparison.

2.8 Fiber Optic Comparison Measurement

Comparison of measurements from fiber optic methods are usually divided into two
categories. The first being engineering derivatives geared toward cluster efficiency and near well
bore measurements such as plug failifeese measurements are primarily used for oil and gas
production and reservoir management. Fiber optic sensors are installed in the wellbore to provide
reaktime data on the performance of the well and its surroundings. Some common examples of
engineeringlerivatives include Distributed Tgperature Sensing (DTS), Distributed Acoustic
Sensing (DAS), and Optical Pressure and Strain Sensors (OPSS). These measurements are critical for
optimizing the production process and ensuring the safety and efficiency of tl{e)guedto et al.

2016)

The second being suited toward geophysical applications, such dapiseeV/SP and in
some cases micyseismically derived measurements into the fibErese measurements are
primarily used for monitoring and understanding the behavior of the subsurface, including seismic
activity, geomechanical properties, and fluid movement. Some common examples of geophysical
measurements include DAS for seismic imggiDTS for thermal profiling, and Brillouin Optical
Time Domain Reflectometry (BOTDR) for strain amdniperature sensir{@rslan2015) Overall,
fiber optic measurements have a wide range of applications in both engineering and geophysical
fields, and their accuracy, reliability, and versatility make them a valuable tagiderstanding and

managing subsurface resources.
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Additional applications for production monitoring are in progressabeinotcovered here but
should be considered in the future. In this stadselatively new approach described as Low

Frequency DAS (LFDAS) is used to compare fracture hits with fracture modelling tech@inuets

al. 2017. Fracture modeling techniques are numerical models that simulate the behavior of fractures
under different conditions. They are used to understand how fractures form, grow, and interact with
other subsurface faates. By comparing the results of LFDAS with the predictions of fracture

modeling techniques, researchers can gain valuable insights into the accuracy and limitations of both
approachesThe comparison of LFDAS with fracture modeling techniques can provide information

on how well LFDAS can detect fractures under different conditions, such as depth, orientation, and
fluid properties. It can also reveal how well fracture modeling technicpregredict fracture

behavior in the subsurface.

Overall, the use of LFDAS to compare fracture hits with fracture modeling techniques is an
important step toward improving our understanding of subsurface fracture behavior and developing

more accurate and effective methods for managing subsurface raesource

2.9 Previous Hydraulic Fracturing Treatments in The Hereford Project

Hydraulic stimulation strategies for most plays rely upon the response of prior completion
process jobs utilized in the same play arfeéeevious analogies for the Niobrara and Codell sections
have been compared, similar to the Eagle Ford stimulation jobs, to that of the Barnett and
Haynesville shale plays and their corresponding treatment designs. Since the first horizontal wells in
2008 nedy 4,000 Niobrara and Codell horizontals have been drilled (Millak 016). Slickwater
fracture stimulation has been particularly effective in the Barnett shale formation due to its unique
geology. The Barnett shale formation is naturally fractundtich means it has a network of existing

fractures that are ready to be opened for hydrocarbon extréEtghrer et al. 2004)
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The slickwater fracturing technique is designed to create long and narrow fractures in the
subsurface, which helps to increase the surface area of the reservoir that is accessible for hydrocarbon
extraction. The technique involves pumping large volumegatér, sand, and a small amount of
chemicals at high pressure into the wellbore, which créatesiresn the subsurfaceThe success
of slickwater fracturing in the Barnett shale can be attributed to the geology of the for(Batigent
et al. 2010)The minimal difference between the minimum horizontal and maximum horizontal stress
in the Barnett shale means that the formation is particularly easy to fracture. This makes it easier to

create the long and narrow fractures required for efficient hydronaxtraction.

Slick water fracture designs, however, produced unsatisfactory results in the Eagle Ford
(Stegent et al. 2010) and so a Haynesville style frac, or hybrid frac job was implemented. The Eagle
Ford and the Haynesville formations share similar ranges fosiyr oungs Modulus, and
ductility (Mullen et al. 2010). Similar strategies have been implemented in the Niobrara and Codell
wells, utilizing a hybrid stimulation style. This study focuses on the pad completion where the
operator modifies completionrategy along extended laterals from slick water to hybrid style

completions and variability in volumes of fluid and proppant type.
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CHAPTER 3 STIMULATION MODEL DEVELOPMENT

For this thesis project, 2D stimulation model was built using the GOHFER oftware
platform. The pad operations included 10 Niobrara wells and 5 Codell witls.stimulation model
and procedure for pressure and production match are concentrated on the center pad of the operations

described in the following Sections 3D.
3.1 Geological Model Development

The geological model interpretation was provided IRCP co-effort with the associated
geologist and geophysici@ownard2021). The tops and associated horizons were input into
Petrel™ by the associated engine&ekbossino\2021) and include his calculation for water
saturation (%). This data was then used to export the geological modehi@SLIB format for
inclusion into the geomechanical fracture model.gfile model incluohg the horizon and tops
picks can be sean Figure3.1 The existinghypothesiss that there should be an effect of legacy
production on the currently stimulated wells and this likely created a pressure depleted zone that has
affected then e w  wpeoduct®rd The overall field developmertan be seen iRigure3.2,and
thereforejt will be necessary to determine t&féect on current productionThe legacy completion
strategy is considered to be of lower magnitudeegards to volume of fluids and number of stages,
than the efforts toward current stimulatidfurther legacy information is provided in Figi@ from

Downard(2021).
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Figure3.1- Model construction in Petréf (left) used for the extraction/input to thecture
model. Example of full well dataset with base horizon of the Codell (rigB¢kbossino\2021).
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3.1.1Well Placement

The fracture model for the project was constructed from a database giveiRtORhesearch
group. Theverticalreference well utilized in the model is taken from a pilot well drilled prior to the
full pad drilling. Treatment wells are set at an oftdetpproximately 650 ft for Niobranaell
spacingand approximately 1,250,300 ft for Codell well spacing. Treatment wells and their
interaction as completed by a zipper fracture treatment strategypalyzedn this sectionthrough
Section 3.1.5 The reference welvasused to build the geomechanical properties from the geological
model, utilizing both the reference well log and 1BSLIB file exported from Petr&Y. The.GSLIB
file exported from Petrel contaitise geometry of the wells, geology picks interpreted by the
HighPoint Resourcegeologist, the well logs imported by other members from the RCP group as well
as pertinent information from the geophysi¢idbwnard2021) The geometrical information was
then compared to the Petrélproject forquality ontrol (QC). It is important to note that only one of
the wells created concerand it was related to the destroyed fiber well shown truncated in the
display to thesastshown in Figure 3.3 Data related to the shortened lateral was then corrected in the
fracmodel software and was considered to be an error in the Patrejectrelated to planned
versusactualdeviationsurvey measurement. All of the QC and data input from the legacy wells to
the full pad drilling inputallows for a more accurate representation of the subsurface conditions and

helps to optimize the fracture treatment desigd description through the treatment process
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Figure 331 Overview schematic of fracture model showing treatment \Wedigh-south)and legacy
wells (NW-SE)imported and quality control checked.

Treatment wells are drillesbuth tonorth andalign with section lines. Legacy wells are
drilled approximately 45 degreesttwe section boundas likely for holding lease positions by the
previous operatomwith potaitial considerations ttmaximum stress (at the timeYhe maximum
horizontal stress (Shiy) is considered to be N100OE and the pad drilling is optimized orthogonal to

SHmax

3.1.2 Well Log Processing

Themodelingprocess began with the loading of well log data into GOHIER step that
followed the determination of well locations and the entry of deviation survey details, as outlined in
the preceding section. The pilot wetiderwent a comprehensive logging campaign, encompassing

resistivity, gamma radiation, density, neutron porosity, sonic, caliper, and various other logging sets.
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For the current stage of the project, the decision was made to import otripltheombo(consisting
of gammaray, density andporosity logs)into the model, with the GSLIB file from Pett¥lbeing

successfully incorporated.

Subsequently, a rigorousd@xheck was performed on these properties to ensure accuracy and
reliability. The logs were compared to the model that was input into Pearelwell as checked for
editing (spikes and wrap inconsistencies for example) to provide a consistent geologic representation
of the respective measurementhe validated data was then employed as grid attributes in the
dynamic fracture grid simulator. This step ensures that the simulation accurately reflects the
geological and geomechanical characteristics captyede well logs, laying a robust foundation
for subsequent fracture modeling and analyS8gure 3.4 shows the full suite of data recorded and

the input data utilized for the fracturing model.
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Figure 3.4 Input log data recorded in the field and resulting generative model from the log data
input to the fracture modelGamma Ray shown in Track 1, Spectral Gamma Ray in Track 3 and
Triple Combo logs shown in Track 5
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3.1.2.1Porosity and Permeability

Porosity and permeability afendamental characteristics in the study of reservoir properties,
often elucidated through correlative relationships. Porosity, a key parameter, is delineated as the void
or pore volume within a rock or matrix in relation to the total volume occupiedelsetinple or
reservoir. It essentially quantifies the capacity of the rock to hold fluids within its structure.

Mat hematicall vy, porosity (0d4) is expressed as t

noo— (3.1)

WhereVoid is the void volume, andMa is the total volume of the sample or reservdihis concept
of porosity is particularly critical in understanding the storage capacity of a reservoir rock, as it

directly influences how much fluid, such as oil or ghs,rock can store and potentially release.

Permeability, on the other hand, is the rock's ability to allow fluids to flow through it. The
relationship between porosity and permeability is established through the concept of effective
permeability. Effective permeability considers the interconneetesiof the pores and the pathways
available for fluid flow within the rock. It considers the contribution of interconnected pores to fluid

mobility, recognizing that not all pores are equally effective in facilitating fluid movement.

The interplay between porosity and permeability is crucial in assessing the storage and flow
characteristics of reservoir rocks. Porosity provides insights into the volume of void spaces available
for fluid storage, while permeability, specifically effeeipermeability, elucidates how efficiently
fluids can flow through the interconnected pore network. Understanding these interrelated parameters
is fundamental for accurate reservoir characterization and effeefigarce management in the field
of geosciace and petroleum engineeringurthermore, these characteristics impact fluid leakioff

fracture efficiencyduring the fracturing process.
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The incorporation of shale properties into the realm of horizontal drilling and completions
introduces a layer of complexity that demands a nuanced understanding. One key aspect in this
complexity lies in the determination of shale volume fraction, aatiparameter for accurately

characterizing shale formations and optimizing drilling and completion strategies.

To quantify the shale volume fraction, indusstandard methods often rely on sophisticated
analyses involving the gamma ray index and the bulk density fraction. The shale volume fraction can
be determined based on the gamma ray index and the bulk desstityn (Asquith and Krygowski

2006, Thomas and Stieber 1975).

@ — (3.2

WhereVshakeis theshalevolume, andcris the gamma ray index

The gamma ray index, derived from well logging measurements, serveslaslae
indicator of the radioactivity associated with shale formations. Shale typically exhibits higher gamma
ray readings compared to other rock types, making the gamma ray index an effective tool for
identifying and quantifying shale intervalSpectral gamma radiation excludeanium \ersis the

summation othorium, potassium andranium for the total signature.

Additionally, the bulk density fraction, which gauges the mass per unit volume of the
subsurface rocks, is employeddonjunction with the gamma ray index. This dpalameter
approach allows for a more comprehensive evaluation of shale volume, considering both the
radioactive signature and the physical density of the rotks.volume of shale and average porosity

can then lead us to the calculation of effective porosity (Bateman 1985).

n N n o (3.3

Whereles is theeffective poroistyandinayg is theaverage porosity
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The synergy between gamma ray measurements and bulk density assessments enables the
derivation of a precise shale volume fraction, providing crucial insights into the spatial distribution
and abundance of shale within the reservoir. This informationrmn igiinvaluable for designing
horizontal drilling and completion strategies tailored to the unique challenges posed by shale

formationsincluding such considerations as landing intervals

The calculated matrix permeabilitaged in the fracturing model @pplied through the

following equation, utilizing the effective porosity:
EE (3.4)

Wherekmyit is thepermeability multiplier of 2andQypis thepermeability exponent of. 3The

permeability multiplier chosen as recommended for shale properties and the permeability exponent
recommended range of 1 to 3, with the high side being most likely for Eagle Ford shale (Martin et al.
2011). The calculated permeability average for the study area is similar to that of the Eagle Ford
formation @& determined by the other group members of R@Ressence, the integration of shale
properties into horizontal drilling armbmpletiondemands a muHfaceted approach, with the
determination of shale volume fraction through gamma ray and bulk density analyses standing as a

pivotal step.
3.1.2.2Geomechanical Properties

Proceszonestress (PZS) i& phenomenon that relates closure pressure in shale reservoirs to
the rocks resistance to extension of the fracture. The difference beinidahshutin pressure
(ISIP) and the determined closure pressure is the estimation for the PZS (Ramurthy et al. 2009). The
geomechanical properties for this study include this estimation through the modelling procedure.

The geomechanical stimulation model for this stisdyentered around six wells @ad 17

approximately located in the westnter half of the development sectioi®x additional wells are
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located to the west of the primary study pad and approximately 13 wells are located to theéheast of

central study pad?7. Initial study begis on the two wells that are outfitted with permanent install

fiber-optic cable on the outside tife casing. The two fiberoptic wells will be referred to as the

fiNiobraraChalko well and theiiCodell Sandstone weéll Well locations and deviation surveys were

provided by HighPoint Resources aar@loaded into the modelling softwarQuality control (QC)

wasperformed with external softwar@cluding various vendor Q@s well as listed information

given in the deviation survey to ensure geometrical status is correct within standard tolerance.
Three wells of relevance from the operadristin this project that are utilized to build the

grid reference for GOHFER to operate the simulatiorTwo wells to thenortheastontain logging

information and core data performed amdowned by Enron Oil and Gas (EOG) as data traded to

HighPoint ResourcesAn additional pilot well was drilled prior to the kiakf of the laterals opad

17. The pilot contains a triple combo log and additional anisotropy informafibie.triple combo

log is the basis for the initial grid and additional geological information describ®elition

3.1.2.3 The logs and the geological inpaused to derive rocknechanical properties such as

Youngd6s Mo decoefficient, @BndtPsi ssonbdés Rati o.
Dataloadfor the fiberNiobraraChalk well contains 86 stages of separate fracture

intervals. This data is described through the design parameters apdstjebreportsPJ R 6 s

providedby the operatorThe design parameters were utilized to separate the fracture stage intervals

and used to estimate fluid injection as well as timing for proppant utilized in-gdomp. The

primary proppants used in this project were 100 mesh sand &@isadd(estimated as Badger 100

mesh and Unifrac Jordan 30/B0the modehs they are generic estimates for information not

provided) The PJROG6s contain the gl obal time referenc

pressure, slurry rate, slurpyoppant concentration, bottom hole proppant concentration, job slurry
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volume, job clean volume, stage clean volume, stage proppant, stage slurry volume and job proppant,

which wasloaded into the modelling softwaré sample of which is shown Figure3.5.

Time Treating Pressure Calc'd B Pres SlurryRate Slurry Proppant Conc BH Proppant C Job Slurry Vol Jab Clean Vol

(hhimm:ss) — {psi) (psi) (bpm)  {lb/gal) (b/gal) (bbl) (bbl)
6/5/20191:30 149.013937  3435.694227 0 0.022661078  0.040956224 26376.14931 25600.22222
oAR019L50 1490131429 3435.690538 0 0020980682  0.040956224 26376.14931 25600.22222
6019150 1490007151  3435.667717 0 0.021820948 004095622 26376.14931 25600.22222

6/a/2019 1:50 149.048384  3430.725477 0 0023301274 0.040956226 26376.14931 25600.22222
Figure3.5-Tabl e demonstrating PJRG6s phakwelld\otd, 13a s e x a

columns showrmhat were loadednd 18 columns not shovand not loadeds they were not
necessary for the modeling effarts

Further it should be noted that time, slurry rate, slurry concentration, surface pressure (tubing)
and bottom hole (BH) pressure are the only utilized columns in GOHffER modeling
purposes The total net pressure curves loaded into the model with the geometrical designs then can
set the basis for the extension simulator on a stage and cluster basis for fracture progmghtam
in Figure3.6. Datawasthen loaded in a similar fashion for the Cod#&dindstone fiber well and the
same procedungerformed The primary goal, as mentioned previoushito perform a history match
onthedata. Once the twdiber wells weretested for simulatiorthe decision was made to follow the

following path forward

1. Load data into the other wells contained in Pad 17 and test the communication on a set of
stages to see the cross well interference potential in the various stimulation volumetrics

mentioned (% Stimulated, X-effective, etc.)

2. Test the procedure with global time reference in relation to zipper operations and the

inclusion of stage shadowing.

3. Perform the history match on the two fiber wells prior to testing the additional well

interference and stage shadoweftgct
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Figure3.7 showsa 3D modelexample of the extension replication tisaanestimate of the
fracturegrowth Future component®r this RCPprojectcouldinclude additional fracture
description available from fault and miefault interpretation, related microseismic data collected at
the time of stimulation, and additional fiber optic measurements (cluster efficiency, low frequency

DAS, DTS data).
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Figure3.6- Stage treatment curves shown in GOHFER including the associated separation in the
pumping schedule over elapsed tinfde stage schedule is then associated with volumes injected of
fluid and proppant directed to feed into the extension replication model of the fracture description.
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Figure3.7 - Example otthe extension replicator from two well bore stages (left without geo model
horizon. Right with geological model interpretatiohe example is from toe stages on a Clode

well and a Niobrara weldjacento eachother in the same sectiofhe green color shows areas of
lower density of thgroppantconcentration while the red colors show higher density. The yellow/red
to purple colors on the right show the lower bounding geological model layer.

3.1.2.3Pore Pressure andClosure Pressure

Critical fissureopeningpressure (CFOREfers to the pressure at whichauralfracture
starts to opeand results in additional leakoffn naturally occurring reservoifseacture treatments
are influenced by pressure dependent leakoff (BameeViukherjeg1996). The leakoff from CFOP
and PZS can be qualitatively determirfied o m [@afRdlaid i the simulation model for
overpressure zones and their analysis.

TheNiobrara and Codell formations have occasionally been noted for overpressure.
Overpressure occurs when the pressure in the subsurface exceeds the hydrostatic pressure that would
be expected based on the depth of the formation. This can occur due &tyaofdactors, including
the presence of unusually thick or impermeable rock layers that prevent fluid from escaping, or rapid

deposition of sediment that traps fluids.

In the case of the Niobrara and Codell formations, overpressure has been attributed to a
combination of factors, including the presence of organolt shales and high fluid content in the

formations(Pathaket al.2014) This overpressure can pose challenges for drilling and production
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operations, as it can cause wellbore instability and other complications. However, it can also create
opportunities for increased oil and gas production, as the high pressure can help to push hydrocarbons

towards the wellbore.

3.1.3 DFIT Analysis and Model Calibration

Diagnosticfractureinjectiontess (DFIT) serve as pivotal diagnostic tsah the realm of
completion andeservoir engineering, particularly in the context of unconventional wells. Essentially,
the tesbbperates as a condensed version of a hydraulic fracturing operation, often referred to as a
mini-frac, specifically designed for shattiration injection of fluid. This targeted injection is
strategically deployed to initiate and propagate a fractureaiy positioned at the toe of

unconventionahorizontalwells, wherecertainreservar characteristics can metermined

The modus operandi of a DFIT involves injecting a predetermined volume of fluid into the
reservoir at a controlled rate and pressure. The intention is to impart sufficient energy to the
subsurface rocknducing a fracture to propagate. Following the injection phase, the well is promptly
shutin, ceasing the flow of fluid into the reserv@Barree et al. 2009)he subsequent observation
of the pressure response during this shyteriod provides valuable insights into the reservoir's

characteristics.

The shutin pressure response serves as a dynamic indicator, offering information about the
reservoir's permeability, its ability to accept the injected fluid, and the created fracture's extent.
Analysis of this pressure response all@empletion andeservoir engineers to deduce critical
parameters such as closure streffective permeabilityand reservoir pressure. These insights are
instrumental in optimizing hydraulic fracturing strategies, tailoring them to the specific geological

and geomechanicalances of the unconventional reservoir.

35



DFITs are particularly advantageous in the initial stages of well testing and reservoir
appraisal. By conducting a controlled, shadwration injection and closely monitoring the subsequent
pressure behavior, operators gain a rapid yet comprehensivetandarg of reservoir properties.
This knowledge forms the foundation for more extensive fracturing operations and aids in the
development of effective reservoir management strategies, contributing significantly to the success of
unconventional well projest Cur r e nt  feguertlycenduateden a stegown procedure in

stages where pressure is held consaashown in Figure 3.

Figure 38 - Stepdown test diagram for a DFIT (Barree et al. 2015)

After shutdown the pressure fabff is recorded at the surface to gain insight into the matrix
permeability and closure stress. Over an extended period of time the reservoir pressure can be
obtained taking into consideration the boundary limit of the disturbed system as it stabilizes toward
initial equilibrium. Another useful set of information from a DHSthe estimation obpen
perforations to fracture initiation through the stipvn process. Each initiation points or port has a
diameter correspuling to discharge coefficient. The pressure loss across the perforations can then
allow for bottomhole pressure calculation, but in this case the operator had already performed
bottomhole pressure treatment calculation for the larger st&ggstes 3.9 to 3.12 show tid=IT

analysig(including steprate)of a nearbywell incorporated into the modelingd.hough there is some
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concern about the length of operations time to achieve closure, the parameters were conferred with a

nearby analysis from Barree & Associates Be#tbossinov (2021shown in Table 3.1
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Figure 39 - Diagnostic diagram for a DFIT fanearby project wekhowing pretest, fracture
extension and falloff time data

Table 3.1 Main parameters obtained from the DFIT analisesnaryand used in fracture model
calibration

Pressuralependent leakoff (PDL) Coefficier®®DLC (1/psi) 0.002
Closure Pressure, Pc (psi) 5400
Closure Gradient, GC (psi/ft) 0.731
Process Zone Stress, PSZ (psi) 1324
FracureGradient, FG (psi/ft) 0.831
BHP at CFOP, CFOP (psi) 5900
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Test Events

Pressure/Rate Events

Time Pressure Rate
Rate Step 1 3.835 3562.91  7.48671
———— 3
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Figure 310 - Diagnostic diagram for a DFIT for nearhyroject well showingtep test delineation

and ISIP
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Figure 3.11- Diagnostic diagram for a DFIT f@anearly projectshowing the presswu@ependent

leakoff (PDL) coefficient.
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Diagnostic Results

Event Times Pressures Resarvoir

Begin linear flow time (min) 0.000 POL coeffident of leakoff (1/psi) 0.00229 ACA Radial Kh (md ft) 154.278

Begin radial flow time {min) 731.6086 BHP at end of POL (psi) 5784.81 ACA Radial Khyfmu (md ft/cp) 26.052

End linear flow time {min) 0,000 Closure gradient {psi/ft) 0.731 ACA Radial permeability {md) 15.428

Fracture initiation time (min) 0,000 dP at dosure (psid) 749,447 ACA Radial reservoir pressure (psi) 4575.55

G time at dosure (G time) 7.657 dP at end of POL (psid) 445,627 Horner Kh (md ft) 30,550

G time at end of PDL (G time) 3.683 BHP at dosure (psi) 5431.99 Horner Khymu (md ftjcp) 24.7a4

Pump stop time {min) #.864 Fissure opening pressure (psi) 02,820 Horner permeability (md) 3.055

Testend time (min) 7052.91 Fluid gradient (well) (psifft) 0.433 Horner reservoir pressure (psi) 4571.33

Time at closure {min) 124,069 Fracture gradient (psi/ft) 0.831 Horner slope 50189.71

Time at end of POL (min) 44.044 Met pay height (ft) 10.000 Permeability from G dosure time (md) 0.00260

ISIP (surface) (psi) 2932,28 ACA Linear reservoir pressure (psi) 0.000

Reservaoir pore pressure (psi) 4575.58

Res pressure gradient {psi/ft) 0.610

Test Fracture Other

Avg. pump rate (bpm) 5.313 Fluid efficency (%&) 79.290 Closure found True

Holes open 10.000 Rp area ratio 1.030 Linear Flow Found False

Minimum test pressure (psi) 1382.39 PDL coefficent of leakoff (1/psi) 0.00229 POL found True

Minimum test pressure time {min) 5929, 70 Radial Flow Found True
Relative Pump time (min) 3.864
Tortuosity psifsgri{bpm) 92.014

Figure 3.2 71 Overall dagnostic results fathe DFIT for anearby project well.

3.1.4 Grid Setup

The establishment of grid parameters represents a crucial step in the computational
framework, occurring subsequent to the importation and calibration of the geologic model. The
collaborative geologic analysis conducted by RCP members, however, didswiqaany faulting
informationincorporatednto the correspondingetrel™ model. Additionally, it offered limited
insights derived from curvature or attribute extraction procedures applied to seismic data or

supplementary geological datasets.

To fortify the structural integrity of the model, a GSLIB file was extracted from PétrEhis
extraction was carried oafterthe QC and editing of the pilot well logs to ensure consistency and
accuracy. The incorporation of the GSLIB file enriched the model with a structural component that

aligns seamlessly with the findings of other relevant studies.
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In a bid to harmonize the spatial representation across the study zone, the final grid
configuration was finduned. It was decided that a node size of 10 feet and an aspect ratio of two
resulting in a 20t length,would be uniformly applied to all wells within the study area. This
standardized grid not only facilitateomputational efficiency but also ensdigecohesive and

comparable analytical foundation for all subsequent assessments and simulations.

Thisintegratedorocess, combining geologic insights, data quality control, and grid
optimization, lays the groundwork for a comprehensive and relgloleaulic fracturenodel. It
integrates diverse datasets and methodologies, striving for a holistic representation of the subsurface
conditions. Consequently, this grid setup becomes instrumental in executing various analyses and
simulations crucial for decisiemaking in he domain of reservoir characterization and development
planning Figures 313 and 314 show the typical grid setup with the GSLIB incorporation of the

study area.

58-Piot @ CC17-6005B-Piot - Survey  |2] CC17-60058-Pilot - LAS ¥ Treatment Configurations 1, Geologic Section 1try === Geologic Section 1try - Grid Setup *

Figure 313 - Grid set up using a 10 feet node size and an aspect ratioldiez.olorsdepict the total
stress in psi (green from lower psi to red and purple gaining in pressure). The scale is listed on the
right and ranges from 6568500 ft depth irthis example.
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Wiell Construction
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Figure 314 - Grid incorporation of the GSLIB file into GOHFER for the study ar€ae map view

is shown with north toward the top of the page and pad drilling displayed south to north (wells
underneath the layer map). Cosmale represents absolute depths relative to landing zone positions
of the laterals. There is a slight dip shallowing tortbgheastirection in map view, but the

position of the lateral pad drilling in this case is relatively small in akdzh.

-10700

3.1.5 Error Analysis

The foundational data for the study area was derived from the pilot well, which not only
served as the initial point of reference but also provided crucial log information and zone depths for
both the Codéland Niobrara formations, inclusive of their respective reservoir properties. This
comprehensive well data played a pivotal role in shaping the preliminary understanding of the

subsurface conditions in the project area.

As the modeling efforts progressed, a key assumption was made regarding lateral
heterogeneity across all pad drilling. This assumption implies that variations in reservoir properties,

such as porosity and permeability, are anticipated to exist laterediysathe drilling pads. The
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rationale behind this assumption lies in the overarching goal of achieving a comprehensive and

representative model that captures the geological intricacies of the study area.

While this assumption is expected to yield a robust solution, it's acknowledged that further
refinement could be achieved by incorporating additional wellbores into the model. The inclusion of
data from multiple wells, beyond the pilot well, can enhaneesgatial resolution of the model,
providing a more nuanced representation of the subsurface heterogeneity. This becomes particularly
pertinent in the context of accurate fracture geometries, where a higher level of detail is often

instrumental in optimizig drilling and completion strategies.

Furthermore, the prospect of leveraging attribute analyses from geophysical data introduces
an additional layer of sophistication to the diagnostics. Insights gained from geophysics, when
integrated with well data, can offer a more comprehensive undargjasfdhe reservoir
characteristics. Attributes extracted from seismic data, for example, can contribute valuable
information about subsurface structures and rock properties, enriching the model's predictive

capabilities.

While lateral heterogeneity assumptions provide a solid foundation for the project model,
there exists an opportunity fartureimprovement through the incorporation of additional wellbores
and advanced attribute analyses from geophysical data. This iterative approach aims to enhance the
accuracy of fracture geometries and overall model fidelity, ultimately contributing to niom@éd

decisionmaking in the development and optimization of the reservoir.
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3.2Base Model Development

The foundational framework for the hydraulic stimulation model was constructed by
leveraging treatment data obtained from@8lwveells in question.This integration of treatment data
with the geological model is a critical step in establishingwraulic stimulation model, as it forms

the basis for understanding the subsurface response to stimulation efforts.

To achieve this synchronization, a methodical matching process was employed to align the
treatment data from actual field operations with the correspomekiig and treatment stagiesthe
imported geological model. This meticulous approach ensures that the hydraulic stimulation model is
not only grounded in realorld data but is also accurately reflective of the geological intricacies
encapsulated in the Pet®Imodel. Overall,eightwells incorporating25 total stages were

calibrated in the model.

Subsequent sections ofisithesisdelve into the methodology applied for the treatment of
wells across the twmodelledpads. This inclusive analysis encompasses not only the newer wells
but also takes into consideration the legacy Wepisoviding a comprehensive overview of the entire
well portfolio. Central to this methodology is the implementation of a zipymer stimdation
schedule, a strategy where treatment wells are alternately stimulated, creating an efficient and

interconnected fracture network.

The zipper stimulation schedule, renowned for its effectiveness in maximizing reservoir
contact and optimizing production, forms the backbone of the treatment strategy. The disaussion
the upcoming sectiordiscusghis approach, shedding light on the sequencing, timing, and other

parameters crucial for a successful zipper stimulation.
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3.2.1LegacyBaseModel

Prior research conducted Bekbossinoy2021)centered on leveraging a Per&Kern
Norgren (PKN) model. However, it was notable for its omission of legacy treatment ista.
approach diverges significantly by incorporating this crucial historical data, offering a more
comprehensive understanding of the reservoir dynai@pecifically,this analysis delves into the
reservoirdepletion(production and pressurejiginating from two wells oriented ithe southeast to
northwest trajectory, spanning from corner section to corner section. The rationale behind this
directional drilling likely stems from the original operator's strategic intent to uphold lease

boundaries for potential future development.

By amalgamating historical data with contemporary modeling technitfugstudyprovides
a holistic perspective on reservoir management and optimization strategies. This comprehensive
approach not only elucidates the past but also informs future denisiking processes, enhancing

the efficiency and efficacy of oil and gas operations

3.2.1.1Pressure Matchof LegacyWells

A critical measure fofracturingtreatmens is the measure of surface pressure at the well head
or at the pump gauges (manometers), also referr@dstoediing pressuteduring stimulation. The
treating pressure used in GOHFERor the model was from the actual treatmesultsin the field.
This data serves as a fundamental input for accurately simulating the hydraulic fracturing process and
understanding its effects on reservoir behaviéeometry (deviation and stage perforation
description), proppant and fluid type were presetwethe wd operatorfor the legacy treatment, but
limited in description, so it was necessary to interpolate and estimate some completion parameters
based on the strategy of the time in @0Treatment pump schedules for each legacy well were

limited and therefore a synthetic set of curves based on given treating pressure and slurry rate was
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generated and loaded into the simulator. The pump schedule was then Sagderil6 in each
well and both wells are essentially treated the same, as the primary goal was to obtain a pressure
depletion estimate. FigurelS.shows the given original treatment design stage separation with

perforation depths and treatment design and result in the associated pumping schedule displayed in

Figure 316.
Stimulation Summary
6/6/2011
FLUID (gals)
5% Acid Stimulation Sleeves {includes flush volumes)
STAGE CFP (oals) BIOBALLS 1 HOLES 20/40  TOTAL VOLUME TYPE
11046 Linear Gel 20 Pad
1 12634-36 27 0 10206 Linear Gel 20
0 3990 Lightning D 20 XL Pad
51.010  51.010 28014 Lightning D 20
0 17178 Treated Fresh \Water
Stage 1 Total 0 0 27 51010 51010 70,434
8996 Linear Gel 20 Pad
2 12181-83 27 0 10500 Linear Gel 20
0 3.948 Lightning D 20 XL Pad
51056 51.056 30408 Lightning D 20
0 15708 Treated Fresh \Water
Stage 2 Total 0 0 27 51056 51.056 70.560
3066 Linear Gel 20 Pad
3 11.770-72 27 0 7.182 Linear Gel 20
0 2436 Lightning D 20 XL Pad
48854 48854 26,880 Lightning D 20
0 15187 Treated Fresh \Water
Stage 3 Total 0 0 27 48854 48854 54,781
2100 Lirnear Gel 20 Pad
4 11.321-23 27 0 8702 LinearGel20
0 4578 Lightning D 20 XL Pad
51.807 51.807 24906 Lightning D 20
0 14746 Treated Fresh \Water
Stage 4 Total 0 0 27 51807 51807 56.032
2869 Linear Gel 20 Pad
5 10.910-12 27 0 6.174 Linear Gel 20
0 3696 Lightning D 20 XL Pad
51156  51.156 25074 Lightning D 20
0 14250  Treated Fresh Water
Stage 5 Total 0 0 27 51156 51.156 52.063
2646 Linear Gel 20 Pad
[ 10.497-89 27 0 6,720 Linear Gel 20
0 2646 Lightning D 20 XL Pad
52502 52502 256368 Lightning D 20
0 13667 Treated Fresh \Water

Figure 315 - Given data for treatment estimationtbé twolegacy wells used for pressure depletion
prior to current pad drilling and completion.
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Pumping Schedule
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Figure 316 - Pump schedule utilized for legacy completion based on treatment strategy shown above
and limited given pressure and slurry rate data. The example schedule was then used for all stages.

The pressure match f@tage 16 of the Northetagacy wellis shown in Figure 37. The
values for key parameters including the transverse storage coefficiativengermeability factor,
coefficient of discharge, tortuosity erosion factor, and transverse exponent were standardized across
all stages, set at 0.0005 1/gs{unitless), 0.7 (unitless), 0 (unitless), and 1.2 (unitless), respectively.
However, formostoil wells, the elativepermeability factor spanned a range 3, 2vith the selected
value in the model being the one that yielded the closest pressure match to actuilidatalue
was also consistent with work from other RCP studeR&servoir porosy, water saturation, gas
saturation, oil saturation and reservoir temperature set at 10%, 35%, 3.8%, 61%°&nd 185

respectively and agreedjainwith the values of project work from other RCP students.
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The modekonsides the nonideal nature of fluid flow through the perforations, a
characteristic reflected in the coefficient of discharge. Adjustments to the transverse exponent and

tortuosity erosion factor were iteratively made until achieving a pressure match witheobdata.

In order to reconcile simulator results with empirical data, modifications were made to the
width exponent, tortuosity factor, and friction factor of the fracturing fluids. Given that the simulated
treatment involved a hybrid frac approach, all stages agsgned width exponents ranging from
3.15 to 3.40 (unitless). This variation resulted in differing pressure profiles over time, with higher
width exponents correlating with increased pressure I¢fraison) compared to stages with lower

width exponers.
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Figure 317 - Legacy well pressure match results $age 16 of the eastern most well, showing both
actual(dashed linesand simulatedsolid) data. Slurry rate vs injection rate and treating pressure vs
well pressure being of primary concern in this display.
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As seernn Figure 3.7, the slurry rate and injection rate closely match simulated vs actual
input data(see additional match in Appendix.AWhere there are some discrepancies in the treating
pressure grsis well pressurdikely due to build up and pipe friction, the curves provide a good
match during the primary extent of completion tinfrégures 3.18 and 319 show the horizontal
azimuth of the extended fracture model due teHNd the given parameters from the legacy
completion and pressure matcBection3.2.1.2will showsthe utilized fracture extension model and

the effect of depletion due to the legacy wells toward the current pad completion.
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Figure 318 - Legacy fracture orientation due to azimuth of maximum stress£&® 100°) and
azimuth of directional well bore drilling and completion.
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Figure 319 Extension of replicated fractures due to legacy well completion. Well completion shows
an orientation of Skaxand coverage acrofise future pad drilling(yellow N-S wells) The sixteen
stages for each well are shown in light blue

3.2.1.2Production Match of Legacy Wells

Limited production data wergrovided however, the data from the historical legacy
productioncovered from 2011 to 201&hly included data for one of the legacy wéhsrthern
diagonal well) pertinent to this studylt was therefore necessary to repeat the process affect for the
other legacy well Type curve, pseudo plot, setog decline curvéDCA) and rate decline analysis
were done for production matching and were covered in more defdilnolygaliyeva(2021). The
decline curve analysis and production match for this study is focused on a modified hyperbolic fit and
the effective result in pressure depletion in the fracture maded.decline curve uses the following

eqguations:
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0 = 0f (35)

Whereby;

D: Nominal decline rate, 1/day
g: Production rate, STB/day

t: Time, day

K: Proportionality constant

b: Hyperbolicdecline exponent

n ——~ (3.6)

The modified Arps equatior{Zerpa2020)above provided the best fit to the legacy well
production data. Respectivevhlues for the decline exponent calculated were b = 0.6, 0.45, 1.69 for
oil, gas and water. All fitting the expected values for the ran§e<db< 1; b> Ifor a hyperbolic
decline curve with a modified t* for exponential decline in the predictive future production.

From the above analysigore pressure depletimould be addetb the geological model by
integrating the extension replicated from modeled injection (Figa8.3GOHFERM provides this
option through breakdown pressure and options for depletion though heuristic material balance that
can be estimated from the DCA analysis above. The model uses the inputs from 2@aseaB.
internal process for the depletion analysis. The total horizontal stress, or fracture closure pressure,
always decreases as a result of pore pressure depletion. The gain in horizontal stress is overcome by
the decrease in pore pressure becausedhstress increases at a rate of abh@psi/ft gradient

toward the old wel(Makherjee et alk000).
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Figure 320 Geometrical description of the inputs used from the heuristic material balance from DCA

into the fracture mod€lGOHFER 2018).

The culmination of these insights is a refined model that delineates an effective pressure

depletion aredhased orthe production matchThe resulting model produces effective pressure
depletion areasing theproduction match shown in Figwd.21to 3.23. This convergence between
modeled and observed data validates the efficatlye@pproach and underscores the utility of

integrating pore pressure dynamics into resemod fracturanodeling for enhanced predictive

capabilities andlecisionmaking processeslhis approaciprovidesadistinct and unique perspective

from the other analysis, as they do not incorpadtaegoressure depletion of the legacy wells and the

correlation to production. Nothatthe depletiorhas been incorporatdebm the legacyroduction

a morerealisticanalysis of thdéull pad completiortan be developed

51



AZ21T MBO/ 559 MBOFE

. GOR Platsau: Declining GOR:

. S N -Translent flow, Potential compound
= g ti R Fi
N&Boeundaries naarfiow-{Elom
- seen B PP .2,

1 . oy P et e
R, = 561 SCF/bEI~  P<P,, at
1=

sandface (20
month ramp)

[
Suc Effect

Decline Curve Analysis: Modified Hyperbolic
300

- ® q_oil (bbl/day)
Est Production, qt' (bbl/D)
= (_gas (Mscf/day

Est Production, gt' (Mscf/D)

T 3
E 5 ® (_H20 (bbl/day
s} § Est Production, qt' (bbl/D)
°F
c .
o ¢
S O
0 S
S ©
S >
S T
a 2
o

0 50 100 150 200 250
Time, t (Mo)
Well LA
160 50
240
@ oOil, BOPD =0 270 @ Gas, MCFD
@ Water, BWPD 120 @ GOR, SCF/STB
60
a8 80
o
o

Figure 321 Production @pletion calibrated from legacy wells based on historical mafop.figure

is from the operator expressing validity of operations through historically high production. The lower
figure shows the typical type match by the operator of all legacy wells. Middle figure shows the type
curve match of oil, gas and water of the northern legacy well in the study area of the pad completion
used in this work
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3.2.2Pad Completion Well Model

Treatment dataelated to the pad completiah the center six wells, were loaded into the
fracture model, including geometrical data (well location, deviation survey, etc.), pressure and
treatment data, as well as log ditan a pilot well. This datavasagainquality controllel through
comparison with the Petr# project generated by other members of RCP and export and import
process of theGSLIB file shown in Figure3.24 and 3.5. Perforation data were loaded prior to the
treatment data for each wekiberoptica s soci at ed wel |l stag24®spacing
spacing withfiourst ages tested at 4006 spacing. The Niob
stagesand the Codell well consisted 06 stages across tRamile horizontal section of the wells
Non-fiber associatedwellst age spaci ng was ¢ o nwghi83 dtagaes acrosst 120

the 2-mile horizontal section ofach ofthe wells for both Niobrara and Codell wells.

Toe designgStages 14) for the nonrfiber wellsprimarily dominate pump down with-K
(crosslink) fluid and the remainder of the well is pumped with a ratio of 15%tX freshwateffluid
per stage on hybrid design.Similarly, on aslickwater designthe toe stageare dominated with X
L fluid and the remainder of the wetges 5End) being treated witfreshwater. Fiber wells
utilize adesignatedhybrid design with a similar treatment to nbber wells, having a X fluid
dominated strategy, an@® lifferent variations on stage desighhe original design flow chart
shown inTable3.2 delineates the strategy to be tested by injection into the fiber associated wells for
the tesihg into the fiber Desigrs werethen expanded to usdphabetically describeé-X type
designg 19 totaldifferent designg$or the Niobrara well andlphabetically desctibefgU type

designg 16 totaldifferent design$or the Codell welin the field
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Table3.2 Design flow chart fotesting strategy related to fiber optic associated wetigial
variationson stage spacing and utilization of perforation clusters was modified in the field and
throughthe processf project planning toward stimulation and surrounding measurements.

Design Stage Spacing Clusters Perfs Rate bbl/ft | Ibs/ft |Fluid Type
Stages 1-4 120 3 48 TBD 1.0x 1.0x Hybrid
A 120 3 36 TBD 1.0x 1.0x Hybrid
B 120 7] 36 TED 1.0x 1.0x Hybrid
C 120 9 36 TBD 1.0x% 1.0x Hybrid
D 120 12 36 TBD 1.0x% 1.0x Hybrid
E 120 18 36 TBD 1.0x 1.0x Hybrid

| 120 Highest Achieved 36 TBD 1.0x 1.0x | FT Changes
1 120 Highest Achieved 36 TBD 1.0x 1.0x |FT Changes
K 120 Highest Achieved 36 TBD 1.0x 1.0x | FT Changes
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Figure 3.2 Design input into GOHFER, plan view of the wells and relative positi®asl design
and set up is primarily on the center set of wells overlapping the south portion of the SE to NW
trending legacy wells, obtuse to pad drillinghis shows only the wells input to the fracture model.
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Figure 3.5 Geometrical set up arglality controlof the pad completion model comparison in
GOHFERM and PetrdM. Fiberoptic cable truncation due east of the pad completion provides a
good marker well for QC and reference for the proj€lors were defined in Petrel as separate
pad/well marked delineatiorilhis shows the full extent of the pad operatiffive total pads)

3.2.2.1Pressure Matchof New Pad Wells

As discussed isection3.2.1, one of the critical parameters for horizontal well stimulation is
the monitoring and analysis of treating pressure during the hydraulic fracturing process. In this
model, the pore pressure depletion from the legacy wells has been carefully accouateddsige
the estimated production match derived from these older wells. This ensures that the impact of
pressure drawdown from previous production is accurately reflected in the model, providing a more

realistic basis fothe currenstimulation efforts.

The next logical step in the model development process involves incorporatirgpeefic
geometry and stimulation treatment data into the model to simulate fracture propagation, fluid
movement, and pressure distribution during compleatidhe new wellsThe focus of this section is
on achieving a robust pressure match between the hydraulic fracture simulation model and the actual

field pressure data collected during pad completions. Accurate pressure matching is essential for
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validating the model and ensuring that it properly reflects the behavior of the reservoir and fracture

system under field conditions.

A key consideration in this analysis is the timing and sequencing of the hydraulic fracturing
stages, particularly the zipper fracture stimulation design employed across the wells. In a zipper
fracturing process, wells are stimulated in an alternating pattern, which helps to increase the
complexity of fracture networks and improve reservoir contact. This timing of stage stimulation,
moving from one well to another in a zipper sequenwascarefullyinputto match the realorld
zipper fracturing schedulesad during field operations. This approach helps ensure the simulation
mimics the field conditions as closely as possible, providing a more accurate representation of
fracture propagation and pressure interactions between Wélésproject involved a total &25
stages acrossghtwells, including 83 stages in ndiber wells and two fiber wells. Among these,
there were 76 stages in Codell wells and 85 stages in Niobrara Wedd_egacy wells included 32

stages over 2 wells.

It's also important to highlight that different wells in the study area utilize varying completion
fluid designs. Several wells employ predominantly fresh water as the fracturing fluid, while other
wells utilize hybrid designs that incorporate crbsked gel systems (XLink). These hybrid
completions are often initiated early in the stimulation process for specific stages, allowing for
improved fracture control and fluid efficiency. The differences in fluid composition and their impact
on fracture propag@n and pressure behavior algo incorporated in thmodel to reflect the unique

characteristics of each well's completion design.

The general design schematic illustrating the well layouts, stage sequences, and fluid systems
used in the completions is shownTiables3.3 and 34. This schematic provides a visual

representation of the overall stimulation strategy, allowing for a clearer understanding of the model
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inputs and outputs. By integrating these varied parandeggemetric data, treatment fluid
composition, zipper timing, and pressure depl&tidime model provides a comprehensive view of

how the pad completions behauwender actual field conditions

Table3.3 Design volumes for the pad wells in the section related to the fiber wells. This design is
designed as a hybrid design, utiliziorgsslinkfluid. Stages 468 are notshown as they are primarily
described in the general layout Tabl2. 3.

1:;::::.1 Misit\ﬁﬂm méﬁﬁm Prﬁ;;'m 15% HCI Acid|Slickwater C’F“:i:;"" ﬁiﬁe 'ifr::f::e S‘“ﬁiiﬁm S‘“(Et‘:r:}im“
Sand (Ibs) | Sand (Ibs) (gals) (bhls)

69 12500 | 256250 | 268750 1,000 208428 | 30000 | 239428 5,701 7 119
70 12500 | 256250 | 268750 1,000 208428 | 30000 | 239.428 5,701 7 119
7 12500 | 256250 | 268750 1,000 208428 | 30000 | 239428 5,701 7 119
7 12500 | 256250 | 268750 1,000 208428 | 30000 | 239428 5,701 7 119
73 12500 | 256250 | 268750 1,000 208428 | 30000 | 239.428 5,701 7 119
74 12500 | 256250 | 268750 1,000 208428 | 30000 | 239428 5,701 7 119
75 12500 | 256250 | 268750 1,000 208428 | 30000 | 239428 5,701 7 119
76 12500 | 256250 | 268750 1,000 208428 | 30000 | 239.428 5,701 7 119
77 12500 | 256250 | 268750 1,000 208428 | 30000 | 239428 5,701 7 119
78 12500 | 256250 | 268750 1,000 208428 | 30000 | 239428 5,701 7 119
79 12500 | 256250 | 268750 1,000 208428 | 30000 | 239.428 5,701 7 119
%0 12500 | 256250 | 268750 1,000 208428 | 30000 | 239428 5,701 7 119
81 12500 | 256250 | 268750 1,000 208428 | 30000 | 239.428 5,701 7 119
22 12500 | 256250 | 268750 1,000 208428 | 30000 | 239.428 5,701 7 119
%3 12500 | 256250 | 268750 1,000 208428 | 30000 | 239.428 5,701 7 119
Total | 1057500 | 20,720,750 | 21,787.250 | 83,000 | 16,499,558 2,962,000 | 19544558 | 465347 5,851 975

The hydraulic fracturing fluid design incorporates a combination of crosslinked fluids and
slickwater to optimize fracture propagation and reservoir stimulation. The ratio of crosslinked fluids
to slickwater is approximately 2.9 to 16, with the total volwhBuids used nearing 20 million
gallons across th&3 completion stagesf the nonfiber well. This significant volume highlights the

scale of the operation and the extensive use of both fluid types in the fracture stimulation process.
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In terms of proppant, the volumes are dominated by 30/50 white sand antk$B0vhite
sand, with a ratio of approximately 1:21 for #®@sh to 30/50 sand. This proppant mix is crucial for
ensuring that the created fractures remain open and conduciuattidiv, enhancing hydrocarbon
production. The total volume of proppant used throughout the operation is substantial, amounting to
nearly 22 million pounds of saridr eachof thetwo-mile laterals This combination of 30/50 white
sand and 10fneshsandsi desi gned to maxi mi ze the proppant

conductivity across a wide range of fracture widths and depths.

Each well in the program undeentan average of 80 fracturing stages, with a total pumping
time of approximately 100 hours per well. This extended stage time reflects the complexity of the
multi-stage hydraulic fracturing process, where each stage is carefully controlled to ensure optimal

fluid and proppant placement.

For wells utilizing slickwater designs, a more streamlined approach is EHkedickwater
designs typically incorporatiearound 15 million pounds of proppant, with a lower ratio of-&@%h
to 30/50 white sand, roughly 1:13. These slickwater designs are characterized by lower fluid
viscosities and higher pumping rates. The total fluid volume in slickwater completionsesverag
around 12 million gallons per well, and only a minimal amount of crosslinked fluid is used, primarily

limited to the initial fourstages at the toe of the well.

The total pumping time for slickwater completions is shorter compared to crosslinked fluid
designs, with each well averaging about 60 hours of pumping time. This difference in stage time is
due to thehigh injection ratesvhich are needed to overcome fluid loss and facilitate proppant

transport thus shortening the overall treatment duration.

The zipper fracturingtrategy creates complex fracture interactions between adjacent wells

and can improve the efficiency of the hydraulic fracturing process by optimizing the use of
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equipment and reducing downtime. The zipper strategy was fully incorporated into the hydraulic
fracture model to simulate the dynamic interactions between wells and to optimize the overall

completion design.

By combining the use of both crosslinked fluids and slickwater, utilizing substantial volumes
of proppant, and employing a zipper fracturing strategy, the projeetd&mnmaximize reservoir
contact and improve hydrocarbon recovery. These methodologies, when integrated into the model,
offer a comprehensive approach to understanding fracture propagation, proppant placement, and the

overall efficiency of the hydraulic fraaring operation

Table3.4 Design volumes for the pad wells in the section related to the fiber wells. This design is
designed as dickwater design.

I:;:::nl u‘:‘:ﬁ'ﬁm 30;5:3:1lme Prﬁ;}‘)‘;‘m 15% HCI Acid|Slickwater C;E‘:i:;“" \i::life xfp:ﬁ:e S'“&:JS” S'“(E;r:)im“
Sand (Ibs) | Sand (lhs) (gals) (bhls)

68 12,750 163,000 175,750 1,000 144,032 . 143,032 3454 44 0.73
69 12,750 163,000 175,750 1,000 144,052 . 143,052 3454 44 0.73
70 12,750 163,000 175,750 1,000 144,052 ; 143,052 3454 44 0.73
71 12,750 163,000 173,750 1,000 144,032 ; 143,032 3434 44 0.73
72 12,750 163,000 175,750 1,000 144,032 ; 143,052 3454 44 0.73
73 12,750 163,000 175,750 1,000 144,032 . 143,032 3454 44 0.73
74 12,750 163,000 175,750 1,000 144,032 . 143,032 3454 44 0.73
73 12,750 163,000 175,750 1,000 144,052 . 143,052 3454 44 0.73
76 12,750 163,000 175,750 1,000 144,032 . 143,052 3454 4 0.73
77 12,750 163,000 173,750 1,000 144,032 ; 143,032 3434 44 0.73
78 12,750 163,000 175,750 1,000 144,032 ; 143,052 3454 44 0.73
79 12,750 163,000 175,750 1,000 144,032 ; 143,032 3454 44 0.73
80 12,750 163,000 175,750 1,000 144,032 . 143,032 3454 44 0.73
81 12,750 163,000 175,750 1,000 144,032 . 143,032 3454 44 0.73
82 12,750 163,000 175,750 1,000 144,032 . 143,052 3454 4 0.73
83 12,750 163,000 173,750 1,000 144,032 ; 143,032 3434 44 0.73

Total | 1,077,250 | 13,363,000 | 14440250 83,000 [11414301] 592,000 | 12,080,301 | 287,840 3,630 60.7
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The treatment curve data, collected directly from field operations, were loaded into the
hydraulic fracture model to serve as the foundation for simulating the stimulation process. This data
includes pressuseflow rates, and pumping schedules, all of which are instrumental in accurately
replicating reaworld treatment conditions within the model. By integrating this fplovided
treatment data, the model can be calibrated to better reflect the behdkmfaimation and the

wellbore during hydraulifracturing.

Stress shadowing was accounted for in the model to ensure that the induced fractures are
represented as accurately as possible, especially when multiple stages and wells are being fractured in
close proximity to one another the zipper procesd he interaction between fractures is an essential

aspect of simulating realistic fracture geometries and pressure responses.

Figures 3.B to 3.8 depict the pressusand the adjustments made to the design parameters to
achieve a reasonable match for toe stages dittdewells and one offset wellAdditional pressure
match examples are shown in AppendiXTAese early stages often serve as the critical foundation
for the entire fracturing treatment, and achieving a good pressure match in these stages is essential for
ensuring that the overall model is reliable. As shown in these figures, modificationsadzd¢o
various defgn parametes, such as pump rates, fluid volumes, and proppant concentriation
replicate the pressure response observed in the field. This iterative process of adjusting the model
until a reasonable match was achieved is vital for validating the model and confirming that it

accurately reflects the subsurface conditions duringnresat.

While many of the wells were treated with a hybrid fluid design, consisting of a combination
of crosslinked fluids and slickwater, it is important to note the distinctions between the beginning
stages of each well, even when using similar designs. Dnffesein formation characteristics, stress

states, and prexisting fractures can lead to variations in the pressure responses observed in the early

61



stagesas well as perforation breakdownd near wellbore tortuosityhese variations were carefully
analyzed, and parameter matching was meticulously performed to ensure that the model accurately

captured the nuances of each stage.

Overall, the incorporation of fieldgrovided treatment data, along with considerations for
stress shadowing and precise parameter adjustments, allowed for the development of a hydraulic
fracture model that closely mirrors reabrld operations. This modeerves as a powerful tool for
understanding fracture propagation, pressure behavior, and the influence of stage design on overall

well performance
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Figure 3.5 Pad completion well pressure match resultstage 1 of the Codell fiber well, showing
both actual and simulated data. Slurry rate vs injection rate (dashed being simulated vs solid being
actual data) and treating pressure vs well pressure being of primary concern in this display.
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Figure 3.Z Pad completion well pressure match resultstage 2 of the Codell nefiber well

adjacent to the previous example, showing both actual and simulated data. Slurry rate vs injection
rate (dashed being simulated vs solid being actual data) and treating pressure vs well pressure being
of primary concerin this display.
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63



As the matching process moved from toe to heelifferent character to the pressure match
was observedStages 18, 39, 4& the fiber and one offset welte examples of the pressure match
for comparative stages between the three type zone wells. Figu@es3Lahow the pressure curve
comparisons and the modified run parameters for reaching an optimal pressurtontagte three

example stages
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Figure 3.3 Pad completion well pressure match resultstage 18 of the Niobrara fiber well,
showing both actual and simulated data. Slurry rate vs injection rate (dashed being simulated vs solid
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rate (dashed being simulated vs solid being actual data) and treating pressure vs well pressure being
of primary concan in this display.

64



Engine Results

60

004E 1

60.0
00024

52.5
00504

450
0006

Concentrations (Ib/gal)
0
Rates (bprn)
s
006L
(1sdl) sBUnSsEUd

2
300
0008

25
0067

15.0
000€

0061

00
00

5.00 10.00 15.00 20.00 2500 30.00 35.00 40.00 45.00 50.00
Elapsed Time (minutes)

Figure 331 Pad completion well pressure match resultstage 43 of the Codell fiber well, showing
both actual andimulated data. Slurry rate vs injection rate (dashed being simulated vs solid being
actual data) and treating pressure vs well pressure being of primary concern in this display.

The overall treatment pressure matcpexsiuce the resulting extension replication of the
hydraulicfractures shown in Figure®. Chapter 4 discusséise resulting implications of the model

generated from the pressure match
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CHAPTER4 DIAGNOSTICS AND PRODUCTION IMPACTS

Now that the stimulation model has been built and described, diagnostics and introduction to
their impact can be performed and discus$&e.3D stimulation model provides the base for
production matcesand othediagnosticto be examined. As discussed in the peiwapter 525
stages covering Niobrara and Codell wells allow for specific and oagalicationsof these

diagnostic tools.

4.1 Sealed Wellbore/Downhole Pressure Monitor

Pressure data collected from both surface measurements in a sealed wellbore and from
downhole sensors were briefly analyzed in this project. The findings from this analysis align well
with the model's predictions, as demonstrated by the sample stagb@atain Figure 4.1
Specifically, Figuret.1presents data from an adjacent monitoring stage using a downhole pressure
gauge, albeit with limited data points, alongside the sealed wellbore monitor p(E3ats)
response. Despite the limitations, the data exhibit pressure behavior patterns that are consistent with
those observed in the example provided by Olson €@23) seen incomparingFigures 4.1 and

4.2

Both the field data and the fracture model demonstrate similar characteristics in terms of
pressure response, particularly in terms of temporary communication between adjacent wells. This
phenomenon suggests that, during fracturing operations, theresgiriahydraulic connectivity
between the wells, which is reflected in the pressure fluctuations captured by the monitoring gauges.
Temporary communication is described ggessure response foacture driven interaction (FDI)

from Olson et al. (2023).
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Figure4.1Downhole pressurgaugeand sealed wellbore pressure mondata example from

adjacent stage. Data shows similar characteristics to the SWPM procedural example from Olson et.

al. (2023) The lower figureshows treating, BH (calculated and measurptssurgtreatment rate,

surface pressuiia red, orange, green, blue and black. Arrows show points of inflection, the right

being a direct comparison of a pressure response and the left being a potential response. The top
portion of the figure shows the overlain fiber response correlatingtob ar r o wkhefass F DI 6
FDI being instantaneous and second showing added pulse lines.
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Figure4.2 SWPM example from®Ison et. al (2023) Pressure response shown at point of inflection,
interpreted as a temporary communicated event, or FDI.
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Thefinal fracture model corroborates these observations by illustrating this pressure response
as part of the fracture propagation and interaction between wells. This is further reinforced by the 3D
model visualization in Figuré.3, which provides a detailed representation of the fracture networks
and their dynamic behavior during stimulation. The 3D model highlights how pressure
communication between the wells likely occurred due to the extension of fractures across-the inter

well region, leading to thebserved pressure response.

This analysis not only verifies the accuracy of the model but also underscores the importance
of monitoring well communication during hydraulic fracturing operations. Understanding these
interactions can aid in optimizing fracture design, improving wefop@ance, and mitigating the

risks of unintended intewell interference.
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Figure4.3 Pressure response shown at the adjacent stage to the SWPM and downhole pressure gauge.
Model suggests that theretesnporarycommunication crosswell consistent with the pressure
communication shown between the wellbe treatmenivell is to the left of the arrow; monitoring

well is to the right of the arrow.

4.2 Production Match
Available production data wassedto conduct aleclinecurveanalysis (DCA) and a rate

transient analysis (RTA), both of which contributed to achieving a reliable production match. These
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data sets, along with a general description of treatment types by stage, are depicted id.Eigndes
4.5 for the Codellandedfiber well. An important observation from this data is the notable increase in
gas production rates over tinsejggesting either increased reservoir connectivity or a shift in phase

production as pressure declines.

The decline rates were calculated based on data spanning from July 2019 to January 2020
(well treatedl-2 months prior)providing a limited time frame for assessing kiagm production
trends. This scope, while useful for initial production matching, restricts the ability to extrapolate
future behavior accurately over extended time periods. Nevertheless, the proviiedipnodata
was sufficient to createteeuristicmatch and align the model with reabrld outputs within this
timeframe. Figures4.6 and 4.7 show the modified decline curve analysis for both gas and oil. It
should also be noted that the data is limited and proper variables to be calculated require more time

data than given.

Figure4.8 illustrates rate data for oil, gas, and water, with these production metrics aligned
against the pressure match data discussed in the previous,seictie Codell fiber wellBy
integrating both rate and pressure data, the model captures a holistic view of the reservoir's
performance. This combined approach allows for the evaluation of pressure depletion impact on

production rates and supports a more robust understanding k#gervoir's response to stimulation.

The trends observed in the model provide insights into potential optimization strategies for
production, highlighting how gas rates may continue to shift as pressure further depletes.
Additionally, by examining thenterdependencieetween oil, gas, and water rates, along with
pressure changes, theoductionmodel offers guidance for predicting future production scenarios

and supports decisiemaking regarding reservoir management and well intervention planning.
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Figure4.5 4™ of four sxapshas (through fiber estimation)f production data given by stage tyheft to right: Full xlink i stages 4

4, standard hybrid stages 8.7, 3843, 50851, 6669, 7273, slickwateii stages 189, 5457, 7871 and intermixed reversed hybrid
between listed stagesdrrelated to design and production rage by gas and lidrioduction (oil and water) is shown as bbls/hr

scaled from €400 (left) and G40 mcf/24hr(right) given by operator.
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Decline Curve Analysis: Modified Hyperbolic
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Figure4.6 Rate decline data given for the period of approximately 6 maritthee Codell well
data The oil rate shows limited ability to match standard DCA with a modified decline curve.
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Figure4.7 Rate decline data given for the period of approximately 6 marftthee Codell well
data The gas rate shows limited ability to match standard DCA with a modified decline curve.
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A type curve analysis was subsequently conducted to align with the produced data and
lay the groundwork for a detailed rate transient analysis (RTA). This data was applied across
multiple analytical approaches, including pseyessure plots, seAtg andysis, decline curve
analysis, and rate decline analysis, all geared towards achieving an accurate préahuattion
pressurejnatch. The structured methodology for this production match analysis is detailed
across Figured.8to 4.13, providing a stefby-step outline of the procedures followéat the

Codell fiber well

Key parameters such as effective permeability, fractureléradfth, drainage area, and
fracture conductivity were integral to the analysis. These variables are essential in understanding
the flow dynamics within the reservoir and characterizing the imgddotdraulic fractures on
production performance. By refining these parameietise RTA analysisthe modeivas
optimizedto more closely reflect reavorld reservoir behavior and align production forecasts
with observed dataThe cumulative production for the first six months is approximately 39.1
MSTB, with an estimated 58.9 MSTB over 365 days (about one year) based on the standard
DCA shownin Figure 4.6 A more detailed analysis using the fracture model estimates an
ultimate recovery of 61.3 MSTB. This can be compared to a comprehensive production analysis
for the associated paohd legacy wellswhich estimates a total recovery of 749.3 MSartél 1.3
MMSTB, respectivelyMindygaliyeva, 2021). From this estimate, the Codellssaontribute
approximately 220 MSTB, with an expected recovery of 110 M&6B1parativelyhigher than
the 60 MSTB projected in this analysis. This discrepancy may be attributed to production

depletion from legacy wellsyhich wasconsidered in this study
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It is important to note that the data set used in this analysis was limited in scope, both in

terms of time span and data resolution. Consequently, this limitation was taken into account, and

the production match was treated accordingly, with conservasugtions applied to mitigate

the impact of data gap#dditionally, no available pressure data was provideshéomalization

andlikely contribues to erors in theDCA analysis.

The insights derived from this analysis are valuable for future production planning,

enabling more reliable estimates of letegm reservoir behavior and guiding potential

adjustments to the stimulation and completion strategies. Despite the limitdiens, t

combination of type curve and RTA methodologies allowed for a reasonably accurate calibration

of theproductioormo d el , f aci

it at.i

ng

a

robust

under st an

potential. One potential change would have been to complete asin@lhr to that of the legacy

completion strategy (less stages, less complexity).
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Pseudo Plot
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Figure4.9 Pseudo plot analysis for the Codell fiber well.
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Figure4.10 Semtlog plot analysis for the Codell fiber well.
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Decline Curve
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Figure4.11 Decline curve analysis for the Codell fiber well.
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Figure4.12 Ratedecline curve analysis for the Codell fiber wellhe separation early on is
likely due to the initial choke applied but not relayed in the given stitbywback was delayed
for 2 months prior to thetimulation butcould also be a contributing factor to the separation.

77



Production Forecast

b4 Input Pressure.psi

i

G6F

b4 il Rate.bbl/day
() Total Gas Production.

0081

L) Total Oil Production.

028

0

Qil Rate Match.
Total Oil Production Match.

0081

XX XXX XX X X X

Pressure Match.

g5y

G'BE

00

0'ee
068

00zt

Rates (Mscf/day)
000}
(15d) se.nssa.d
7
52t

092

(4ep/|qa) ey Wonnpold (10

022

008
(1a9W) BWnjoA LUoRarpo.d |10
66l

008
55l

0l
O£l

0or

00z
g

=
20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00 110.00 12000 130.00 14000 15000 160.00  170.00  180.00
Time (Days)

Figure4.13 Production match for the Codell fiber wellvater rate shown in light blue, oll
shown in black.

The current production match reswudtsown in Figures 4.9 to 4.18dicate a strong need
for additional data to fully refine and complete the analysis. The existing dataset suggests that the
well is in the process of unloading, meaning that early production rates may not accurately
represent the reservoir's longerm performance. Specifically, the observed match for oil
production rates is limited in its predictive capability for later stages of production, as initial

flowback and transient effects stlbminate.

One notable observation is the rapid decline in water production rates, which remain
higher than oil rates and have yet to stabi#izéthe end of the available dafdis instability in
water production complicates forecasting, as it influences the overall production profile and can
skew early trends. The significant and rapid change in water cut introduces challenges for

calculating bottomhole pressure (BHP) acaelsgtas fluctuations in water production impact the
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fluid column density and thus the downhole pressure estimafiorimiprove the model's

reliability, ongoing monitoring and the incorporation of additional production and pressure data
over time will be essentiand would be recommendesitabilized rates will enable a more
representative analysis of reservoir performance, improve BHP calculations, and ultimately
provide a more dependable foundation for lbeign production forecasting and well

management strategies. This approach wslh @llow for a more accurate assessment of water
production behavior and its implitans for reservoir pressure and hydrocarbon recovery

potential.

4.3 Pressure Match Summary

The overalltreatment pressuraatch is further reinforced by incorporating technical
procedures beyond conventional completion testing, providing a broader validation framework.
The integration of Surface Well Pressure Monitoring (SWPM) adds an additional layer-of spot
check validatio for the modebased fracture extension replication. This approach, in
combination with the geological model, allowed for a stagstage simulation that closely

aligns with actual field data, enhancing the

In addition, the model accounts for pressure anomalies, or "pressure hits," obs¢need
fiber optic dataThese pressure hits, detected through fiber optic monitefey back to Figure
4.1), were effectively explained and incorporated into the model, allowing for a clearer
understanding of intewell interactions. The model also validates the presence of stress
shadowing, illustrating how stress interference between fractures impactseffarcipagation

andconfirmsits relevance in this reservaetting.
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Moreover, a Asmart completionodo strategy wa
which incorporates zippdype operations designed to optimize hydraulic fracturing efficiency
and mitigate interference. This completion strategy was embedded withirmtle, mccounting

for complex interactions and contributing to accurate fracture extension replication.

Finally, completion parameters for each reservoir zone were meticulously integrated into
the model, accounting for interactions between legacy wells and newly completed pad wells.
This inclusion enabled a realistic representation of pressure depletiss #oeaeservoir,
highlighting the impact of legacy wells on the pressure dynamics of newly drilled wells. The
model thus provides a comprehensive understanding of reservoir performance under the
influence of both historical and recent completion actisjtfacilitating betteinformed
production strategies and field development plannMgte the differencen treatmenbf stage
58in Figure A4 compared to stages 11, 30 and 80 in FiguresAA,2Appendix A both in

elapsed time for treatment, and character of the injection rate response to bottom hole pressure

4.4 Production Match Summary

As previously discussed, the limitations of the available data pose challenges for both
standarddeclinecurveanalysis (DCA) and moddbased analysis within the fracture simulator.
Bottomhole pressure (BHP) calculations, along with the difficulty in stabilizing the water cut
relative to the oil rate, contribute to complications in achieving an accurate produatin m
These factors likely account for the observed discontinuities in the type curve. Specifically, the
upward trend in the type curve, whichutd resemble boundary effects, is more likely due to

well loading.

It appears that the well initially flows up the casing during this early production phase,

gradually starting to load up as the total fluid rate declines. This loading effect caracreate

80



artificial depletion stem, where the type curve inclines to a unit slope or even steeper. If true
boundary effects were occurring within just 180 days, it would signal serious issues in reservoir
management . However, it 0 seplausibledkmahafion Foetllisdype a s
curve behavior. Analyzing eibnly data under these conditions is therefore unreliable. For an
accurate assessment of reservoir flow capacity and fracture characteristics, total fluid production

data should be useeyenthough this may still be influenced by loading effects.

The overall production match indicates a need for ongoing collecigroduction data,
to enhance the reliability of the analysis. Despite these data limitations, the production match
from legacy wells provided a more nuanced understanding of the reservoir. Interestingly,
Mindygaliyeva found similar results in thifte legacy wells demonstrate higher production
efficiency compared to the newer pad wélBndygaliyeva, 2021)Several factors could
contribute to this discrepancy, including variationsameletion design, well interference, and

potentially more efficient fracture networks developed during earlier stages of field development.

Continued data acquisition, coupled with tdhaid (oil and water, through fiber and
separated at the well heaat)alysis, will be essential for refinirige understanding of reservoir
flow dynamics and improving production forecaststhis project This approach will also
support future adjustments in well spacing, completion strategies, and potentially further

optimization of pad drilling practices to enhance overall field productivity.

4.5 Sensitivity Analysesand Other Factors

The sensitivity analysis for the dataset primarily examines two key factors: variability in
completion strategy and the influence of landing zones within the reservoir. The completion
strategy sensitivity includes parameters such as stage spacing, flygcbppdnt volumes, and

cluster design, aiming to identify the most effective method for maximizing reservoir contact
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These are summarized &gtl x-link, standard hybrid, slickwater and intermixed reversed hybrid
stages.The landing zone sensitivity assesses variations in well placement within the reservaoir,
helping to determine the optimal position for maximizing hydrocarbon recoaginning with

the latter, the analysis considers the relationship between zonation and net pay thickness. Figure
4.14 illustrates the landing zone grid for the Codell well as it relates to net pay in the fracture

model. The net pay grid reveals a limited tolerance range for the landing zone, indicating that
much of the Codell wel | 6 sghheapayzoned. Cossequenilyon | i e
production in these areas is heavily dependent on the completion design to ensure effective

reservoir contact.

Longitudinal Transverse HeelFge Heel Perf Toe TosEdge

:.m

15311
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o Bl ! :

Figure4.14 Netpay (dimensionlessyrid for theCodellfiber well. Net pay is shown by the red
portions of the gridThe landing zone tolerance from the net pay calculation shows a tight range
for consistency in the lateral.
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In the Niobrara formation, a similar comparison was made between drilling efforts and
net pay distribution, shown in Figudel5 While Niobrara wells exhibit less contrast in net pay
consistency relative to the Codell wells, they still demonstrate some variability in zonation
within the calculated net pay. This suggests that, for the Niobrara, landing zone precision may be
less citical to producibility, especially when compared to the tenfold increase in production rates
seen in the Codell wells. The aysik implies that in the Codell, successful production heavily
depends on the interaction between completion design and the proximity of fractures to the
reservoir pay zones.

Longitudinal Tranwverse HeelEdge Heel Perf Toz TozEdge
E ' NETPAY, Grid i

Jiid

m i ) il 75 )

Figure4.15 Netpay grid(dimensionlessfor theNiobrarafiber well. The net pay is indicated by
the red grid portionsThe landing zone tolerance from the net pay calculation shows a tight
range forconsistency in the lateral.
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Variability in completion strategy was further evaluated by examining production
snhapshots, as shown in Figuses6 to 4.19. These snapshofsecorded: i 8/4/2019, 247
8/8/2019, &1 8/15/2019, #i 8/28/2019)capture acoustic activity recorded via Distributed
Acoustic Sensing (DAS) acrosarious stagegroviding insights into how stage designs and
completion strategies influence gas and liquid production rates. In particular, the hybrid and
reverse hybrid completion strategies show similar production patterns. Howeverasddang
duration snapshaomparisons indicate inconsistent correlations between completion strategy
and production, suggesting the need for more extensive data collection to derive cleardt trends.
is notable that early on liquid rates (though not discerning the water vs. oil response) seem to

dominate and the later snapshots show a trend toward gas production.

An additional factor influencing production in this pijmbject is high water production
revisit Figure 4.13which remains elevated relative to oil and gas rates and displays a rapid
decline over time. This rapid decline in water production rates, alongside significant initial
production, suggests that these wells have not yet reached stabilization withiaithiglerdata
period(roughly 6 months from July to January the following yeanderscoring the need for a
more extended dataset to support a complete analysis. Water,gefateq to the fracturesjay
also be contributing to variability in producibility across the lateral well length, particularly as it

impacts the overall gas and oil recovery in the-tite laterals.
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Figure4.16 - 15t of four snapshots (through fiber estimation) of production data given by staggéfp® right: Full xlink 7 stages

1-4, standard hybrid stages 5.7, 3843, 5051, 6669, 7273, slickwateii stages 189, 5457, 7671 and intermixed reversed

hybrid between listed stag

< Toe Side

orrelated to design and productioterby gas and liquitopi stages 438 above and stag&9-761
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below) Production (oil and waterBlue) is shown as bbls/lecaled from 8400 and &40 mcf/24h(Gas- Red)given by operator



Production Rates - Zndt Snapshot 8/8/2019

W Gas Rate

M Liguid Rate

40.0

300.0

35.0

30.0

250.0

25.0
20.0
15.0
10.0
5.0

2
=]

PlgiH prepuels
umog dais pughH asmanay
I 0 415 o STy
di 4935 pUGAH ssmay
o]l dn deis pugiu ssiEney
Bl ucopues WESUC D PUGAH SssEey
SUCD PUES JURISUS D PUGHH BEIaNEY
=il PuGAH piEpUELS
I oo piepuEs
A W
B s
Bl afH pEpuEs
— pUOAH pepums
B puaid pepurs
=f plgiH prepuEs
—f U2 04
| R
I 1 41
din deis pugiy ssseesy
— d 4315 pugiH FssEnay
di 4935 pUGAH ssmay
I < 95 puaiu sssaney
B <0 de0s pugiH sssEney
I < do15 Puain stimey
PUGAH prepuElS
o Fafd pepuss
— UCTPUES JEISUOD PUGAH @ssaney
Il 400 puEs WEISUS D BUGHH S5ianaY
I < d=s PUGAH ISRy
0 s pughH asianay
din 4915 PUGAH SSImMBY
B dn d=s pughu Esianay
g Ay piEpURLS
plighl piepums
——— P10 PIEPUELS
= puain prepueg
I ¢ piepuns
[ ERNTRE
B =emoud
—i e
SBIEM, W4
SRIEM W
4 DS PUGAH SRRy
I < Ovis puain sy
B ruaiy pepuns
= FGAH peepumns
[ — LRI
din d=1s pugiH sssanay
S afH pepums
BB cualu pepues
I @ de0s pugdH EsiEnay
B coid pepues
I puqiM prepues
B 5D PUES WEISUCD PUGAH 35N
—] SUCDPUES UEISUSD PUGAH 353 Y
SUOD PUES RISUS D PUGAH SEUaMSY
e SR WA
I 2
il FtGi piepuns
PligiH PIERUELS
—] G AH PIEPUELS
B Faie pepums
el PLGAH DIEPUELS
I rofH prepuEls
= FuGiH pEpuES
|I PlUGAH prepURLS
e UG AH RIERUELS
I < P reuns
IS o piepuns
g Ay piEpURLS
B -oiH prepums
I "
| R

Hug=x i

<« Toe Side

Hug-x nd

Q
[~}

200.0
150.0
100.0

50.0

Heel Side

Figure4.17 - 2" of four snapshots (through fiber estimation) of production data given by stagé éfpe right: Full xlink i stages

1-4, standard hybrid stages 517, 3843, 5051, 6669, 7273, slickwateii stages 189, 5457, 7671 and intermixed reversed

hybrid between listed stages) correlated to design and production rate by gas andjustages 438 above and stages-381
below). Production (oil and wateBlue) is shown as bbls/hr scaled frord@0 and @40 mcf/24hr (Gas Red) given by operator
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Figure4.18 - 3" of four snapshots (through fiber estimation) of production data given by stag@ sfpeo right: Full xlink i stages

1-4, standard hybrid stages 5.7, 3843, 5051, 6669, 7273, slickwateii stages 189, 5457, 7671 and intermixed reversed

hybrid between listed stages) correlated to design and production rate by gas andjustages 438 above and stages-381
below). Production (oil and wateBlue) is shown as bbls/hr scaled frord@0 and &40 mcf/24hr (Gas Red) given by operator
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< Toe Side

Heel Side >
Figure4.19 - 4™ of four snapshots (through fiber estimation) of production data given by stagééjpe right: Full xlink i stages
1-4, standard hybrid stages 8.7, 3843, 5051, 6669, 7273, slickwateii stages 189, 5457, 7071 and intermixed reversed
hybrid between listed stages) correlated to design and production rate by gas andpgusta@es 438 above and stages-381
below). Production (oil and wateBlue) is shown as bbls/hr scaled frord@0 and @40 mcf/24hr (Gas Red) given by operator.
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