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ABSTRACT

Oil production in the United States (US) increasmuldly in the last decade due to the
extensive development of tight-oil resources lilkerfan, Eagle Ford and Bakken. Most of these
resources benefit from being in a source rock @ aose proximity to a source rock and they
can be called here unconventional tight-oil resesird@ here are also conventional tight-oil
resources, such as the vast tight-carbonate resoiurc¢he Middle East. In this research,
definitions, classification, and characteristicsofirce- and conventional tight-oil plays are
presented and contrasted, the North American expegiwith tight-oil plays is reviewed, and
the development potential of the Middle Easterhttigjl resources is demonstrated through

numerical simulation and economic analysis.

Most currently targeted Middle Eastern tight-odoearces are accumulations of oil in
conventional, tight carbonates, which have migrétesh an underlying source rock under the
effect of buoyancy forces. The migration processsea lower critical water saturations and
more mobile in-situ water compared to unconventitigat-oil plays, and more potential to have
contact with aquifers. Although the permeabilittdshe Middle Eastern tight-oil resources are
more favorable (in the range of 0.01 — 10 md) MiBeosity of the currently targeted resources is

higher (in the range of 3-10 cp) than their coyrdets in North America.

Similar to unconventional tight-oil formations, montal wells with hydraulic fracturing
are still the recommended approach for developamyentional tight-oil formations. The
existence of natural fractures, especially in thvenfof high conductivity fracture corridors, is a
major characteristic of the Middle Eastern, conierdl tight-oil formations. Fracture corridors

aide the movement of oil toward producer wells artdlease the drainage areas of wells drilled



across them. On the other hand, they also proattenays for the convergence of the mobile
water toward production wells or encroachment @irbg aquifers into the oil pay zone.
Therefore, wider well spacing is recommended witlait well designs to divert the flow of

unwanted fluids.

The high conductivity fracture corridors could caulrscal fluid segregation, which leads
to accumulations of gas at the top and water abditiom. In addition, pressure depletion could
alter the stress state of the formation, whichraltiee design and implementation of hydraulic
fractures. Thus, a comprehensive modeling apprtaatitouples flow and geomechanics is

recommended to consider the stress behavior iddtielopment plan.

Low GOR, hydrostatic initial pressure, and highialinet stress pose serious
development challenges for the Middle Eastern cotweal tight-oil resources. The current well
completion and stimulation (fracture) design exgece in the unconventional tight-oil plays
may not be transferred to these formations. Moredow initial pressures lead to short periods
of accelerated initial production, which removdaworable economic parameter from
development considerations. In addition, high ahithovable water saturation could significantly

hinder the amount of oil that can be produced.

The economic analysis shows that different outcoca@sbe achieved depending on the
oil-price model used and the developer’s objectives. best to develop these resources during an
oil price peak cycle. Developing these resourceshiigh price environment is rewarding in the
short-term. NOCs with diverse oil resource portsicould leverage the cash flow from the high
margin conventional oil resources to fund the espancapital cost of the development of tight

formations especially during high oil price periotisaddition, these companies have a better

iv



control on factors like operating expenses andhvetaeed for financing which could have a

significant impact in improving the economics aftti-oil development.
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CHAPTER 1INTRODUCTION

The United States (US) became the world’s largggiroducer in 2018, exceeding the
productions of Russia and Saudi Arabia, accordifpeé Energy Information Administration
(EIA) as illustrated in Figure 1.1 (EIA 2018a). $hincrease in the US oil production was driven
by the production from tight-oil plays as showrFigure 1.2. The North American success has
increased the interest in developing tight-oil teses worldwide. However, there is no unique
set of characteristics to designate an oil resoasca “tight-oil play;” that is, tight-oil refers &

loosely and broadly defined category of oil resesrc

Monthly crude oil production (Jan 1996-Aug 2018) =
million barrels per day million barrels per day Cla

12 2013 a4 United States

J 10.5

10

United

6 States 10.0
4

9.5
2
0 9.0

1996 1993 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 JEMAMUJ J A
Figure 1.1: US oil production compared to Saudibfaand Russia (EIA 2018a).

The EIA defines tight oil as follows: “Oil producéem petroleum-bearing formations
with low permeability such as the Eagle Ford, tlaéen, and other formations that must be
hydraulically fractured to produce oil at commekcaes. Shale oil is a subset of tight oil” (EIA
2019). This definition might be useful and suffidiéor the present applications mostly in the

United States (US) and the purpose of aggregatgsaséor economists and government



agencies. However, its reference to Eagle FordBakiten formations and shale-oil plays

narrows the scope.

U.S. crude oil production in AEO2018 Reference case (2000-2050)
million barrels per day

14

2017
history

projections

12 Y

tight oil
10

Eagle Ford
8

6
Permian

- nontight oil

0 "
ST\
2000 2010 2020 2030 2040 2050 cla

Figure 1.2: US Oil production history and projeati&IA 2018b).

In principle, tight oil is a general category asated with low-permeability formations.
On the other hand, the EIA definition narrows tbepe of tight oil to formations that are either a
source rock, as in the case of Eagle Ford, or itdn@fn the close proximity of a source rock, as
in the cases of Permian and Bakken. This assogiatith the source-rock qualities introduces
unconventional exploration considerations, suctinagotal organic carbon (TOC) content and

maturation, and significantly affect the resenamd production engineering aspects.

The success of oil production from tight, sourceaurce-related rocks has brought
interest in tight-oil development opportunitiesconventional non-source rocks, such as tight
carbonates and sandstones. Although some sinekartay be found between the source and
conventional tight-oil plays, they have consideeatifferences in geologic structure,
hydrocarbon storage mechanisms, and flow charatiteyi Therefore, the development of
conventional tight-oil plays deserves special cdasitions. Moreover, there are subtle
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differences between the tight-oil resources inNtiédle East and North America. Without
documenting these characteristic differences abuartight-oil resources and investigating their
impact on production potential and project econairitcwould be moot to discuss the transfer of

the North American experience to the Middle East.

As will be discussed in Chapter 3, although itasgible to make more detailed
categorizations of tight-oil plays based on the@armacteristics, for the purposes of this
dissertation, a high-level distinction is made letw source-related and non-source related tight-
oil plays, based on the existence or non-existeheetive communication with the source rock.
Because currently targeted Middle East tight-alysimostly fall into the latter category, in this
research a detailed characterization of conventiggtat-oil resources is presented and compared
to that of unconventional tight-oil resources. Aldwe development potential of conventional
tight-oil resources in the Middle East is demortsttahrough numerical simulation and
economic analysis. It is also noted that part &f Work was already published by the author

(Althani 2020).

1.1 Motivation

The recent advances in horizontal drilling and awic fracturing technologies made it
economically possible to produce tight oil from smurocks. As in the other disciplines, learning
from the pertinent experiences and analogies imgortant recipe for success in petroleum
engineering. The motivation for the proposed redear to leverage the existing conventional
and unconventional oil-field technological advaneais and experiences to develop tight-oil

reservoirs in areas with large, conventional agkerges in the Middle East.



To be able to transfer the North American tightesiperience to other parts of the world,

it is useful to define three categories of tigHtpdays in North America (Ozgen 2021):

1) Source rocks: These are organic content riamdtions that currently may be in the
oil generation window (e.g., portions of Eagle FaMbodford, Upper and Lower Bakken,
Niobrara). They typically have very high internakegy (bubble point > 3000 psia, pressure
gradient > 0.8 psi/foot), disconnected micro-fraes) and ultra-low matrix permeability (<100
nanodarcy). In-situ water saturation is typicddlys than the “conventionally defined”
irreducible water saturation, and initial pressway not be in static equilibrium with gravity.
These formations cannot be produced economicatlyount creating a stimulated reservoir

volume through hydraulic fracturing.

2) Source-connected tight rocks: These formatioasraactive communication with the
source rock. They are either adjacent to the saweor close to the source rock on the
migration path of oil. They can still have consaldy high internal energy (bubble point > 2500
psia, pressure gradient > 0.6 psi/foot), and mayoaon static vertical equilibrium with gravity.
The permeability of these plays is usually two osd" magnitude higher than that of the source
rock (in the microdarcy range) to enable migratemmg they may have existing open natural
fractures and even conductive faults. Portionslioidle Bakken, Wolfcamp, and Meramec may
fall into this category. Wells drilled into swesgiots formed by natural fracture networks and
conductive faults may produce without stimulatidttydraulic fracturing yields economical

production.

3) Non-source (migrated) tight rocks: These plagstiae accumulation sites of the

migrated oil farther away from the source rock dnchot have significant communication with
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the source rock. Their initial pressure may be ewshat above the hydrostatic pressure, yet
locally, the pressure is in static equilibrium wifavity. When compared to source-rock related
resources, they have lower internal energy (bupbiet < 2000 psia). Compared to
conventional reservoirs, the migrated oil may retéhfully drained the water out of the matrix,
resulting in high water cut during production. meanbility values are in the range of 50-100
microdarcy. The existing natural fracture netwasksl faults are the main contributors for the
transport of fluids. Mississippi Lime, parts of thé Basin, North Bakken, and portions of the

Permian Basin are some examples for this category.

Although there are some differences in the chariatites of the first two categories, their
main development technologies and strategies aréasi The main characteristics of the third
category, on the other, are closer to those of eotiwnal reservoirs, with the exception of ultra-
tight rock matrix. The Middle Eastern tight-oil csces, which is the focus of this dissertation,
are closer to the third category. In the followtligcussions, the first two categories are referred
to as the unconventional tight-oil plays, and thiedtcategory is referred to as the conventional

tight-oil plays.

The current North American experience of oil pradgucfrom conventional, tight-oil
plays is not as successful as that in the uncororalttight-oil plays. Moreover, the
development strategies for conventional, tightptalys are not as well established. Therefore, it
is essential that the distinguishing propertiethefMiddle Eastern tight-oil resources are
documented, compared and contrasted with the dux@mnh American experience, and

physical, engineering, and economic developmeategies are investigated.



1.2 Objectives

The main objective of the proposed research isdvige a comprehensive assessment of
the development potential of conventional, tightfoimations in the Middle East. This objective

will be achieved by addressing three main aspdatssource development:

Detailed characterization of conventional tightfoilmations in relation to the
development challenges they pose.

Investigation of recovery strategies for converdidrght-oil formations based on
numerical simulation models.

Economics of the development.

1.3 Research Contribution

Most of the best practices for resource developrtieitare available in the literature are
specific either to conventional, medium- to highrpeability reservoirs or for unconventional
(source-rock related), tight-oil accumulations.sTresearch will bridge the gap by assessing the
technical and economic viability of conventionglhi-oil formations as another high-potential

oil resource.

1.4 Methodology

Given the interesting potential of conventionahtigil formations, a comprehensive plan
is vital for the development of these resourceshiiresearch, a study of the development
options for conventional tight-oil formations isrgad out by building a conceptual reservoir
model using a well-known commercial reservoir siatot (Computer Modelling Group’s IMEX

simulator program). The model is capable of simudpthe effect of key parameters on
6



production from tight naturally fractured reserwoivith vertical and fractured horizontal wells.
In addition, the model can be used to create autdied fracture permeability to simulate
hydraulic fractures. The development considerattorise simulated and discussed in this

dissertation include:

Reservoir heterogeneity and natural fractures tiensi
Well design and complexity

Geomechanics considerations

In addition, since a development plan cannot bepteta without an economic
evaluation, the second part of the study is focusethe economic factors that affect the

development. These factors include:

OPEX and CAPEX
Long-term and short-term development plans

Well count and stimulation requirements

The main outcome of this research is to provideragrehensive analysis of factors that
affect the development of conventional tight-ofifi@ations. This is intended as a guide to be

used by the industry.

1.5 Organization of the Dissertation

This dissertation is segmented into nine chap@hapter 1 provides the introduction,
motivation, objectives and the methodology of tieisearch. Then, Chapter 2 and 3 present a

literature review and some background conceptsaieatelevant to this work. Chapter 4 goes



into the details of conventional tight-oil format®and provides an analysis of their

characteristics with some examples from arounchvibrid.

Chapter 5 provides a comprehensive explanatioheohtimerical model used in this
research and its description along with some geitgituns. Then, Chapter 6 contains the main

numerical study of conventional tight-oil formatgwith multiple development scenarios.

Then, Chapter 7 takes some of the scenarios pegskenChapter 6 and investigates the
economic factors affecting the development of tHesmations. Chapter 8 summaries the main
contribution of this research by providing the strieg criteria, data needs and the development
strategies for conventional tight-oil formationfieTconclusions and recommendations of this
work are presented in Chapter 9. Some data ofrtalysis are included as well in the

appendices.



CHAPTER 2LITERATURE REVIEW

As noted in Chapter 1, the term “tight oil” is gegléy used to describe oil-bearing rocks
that have low permeability. What is implied in tkesminology is that the permeability is below
conventional reservoir permeabilities, which aréh@ order of tens or hundreds of milli-Darcies.
However, there is no globally agreed upon classiin of the permeability ranges of tight-oll
plays in the oil industry. Figure 2.1 shows onessification by the Canadian Society for
Unconventional Resources (CSUR). The figure shinaslimestone, which is the most common
carbonate rock, lays in both the conventional amboventional range. However, developing
tight-carbonate formations requires a drasticailffecent approach than that for shale formations
even though both of them might be considered asnwentional reservoirs. Therefore, it is

imperative to review the definitions of tight orté clarify the terminology used in this

dissertation.

Unconventional Reservoirs Conventional Reservoirs

B

Extremely Tight Very Tight

0.0001 0.001 0.01 0.1 1.0 10.0
Permeability (mD)

* Sidewalk Cement

* Natural Gas from Coal reservoirs are classified as unconventional due to type of gas storage

Poor - Quality of Reservoir » Good

Modified from US Department of Energy

Figure 2.1: Classification of reservoir types basegermeability (CSUR, n.d.).




Conventional tight-oil formations are located iffelient places around the world. The
Middle East is one of those places. These formati@ve gained attention in the last few years
with the success of the US tight oil revolution.wéwer, there is not much information about the
Middle East tight oil development in the literatukost of the publications discuss the

formations’ properties, which are presented inrtbgt chapter.

Some development insights from the US midconticentzentional tight-oil formations
are available in the literature (Austin et al. 20EBafie et al. 2015; Vassilellis et al. 2015; Yee
et al. 2018; Almasoodi et al. 2020; Banerjee e2@20; Freeman et al. 2020; Huchton et al.
2020). These references highlight the challengetealing with highly fractured tight
formations. They highlight how concepts like flgegregation and abnormal compaction might

affect the recovery. Details from these studiesagse discussed in the next chapter.

In this chapter, hydraulic fracturing aspects, rattracture detection and the effect of
water saturation and relative permeability on tigihplays are discussed. In addition, the

economics of tight oil development is reviewed.

2.1 Hydraulic Fracturing

The main factor leading the success for tightaihfations is hydraulic fracturing
technology where high conductivity paths are cr&be the trapped fluid to flow. As any
technology available in the oil and gas industggrassive field implementation elevates the
understanding of these technologies and introdap#siization opportunities. These
optimizations happen in the area of quantitativdies like fracture numbers and spacing. Also,
they happen around the material used for the frexgjwperations like proppants and fracturing

fluids.
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Proppant selection depends on the sizes and qualdged to create the desired fracture
conductivity which is the main goal from implementihydraulic fracturing. However, it is not a
straight forward analysis to select a certain peopuality for a certain formation. The
behavior of the proppant pack can be differentifieent formations’ environments. Also, there
is a dynamic factor to the performance behavioeddmg on the changes of the in-situ stresses.
Thus, it critical to consider how to optimize tlypé of proppants used for any formation based
on the integration with other available data to mmaxze the benefit of these proppants.
Economics also plays a part in this optimizatiorelgluating the benefit of using expensive
proppants (like ceramic or resin-coated sand) deoto achieve a better conductivity. However,
same conductivity might be achieved with lower gyaand by using a bigger mass of
proppants. Therefore, it is better to tackle thippant selection problem by optimizing the
needed conductivity to be achieved while using kegdnoppants options like local sand in a

certain geographical location (Duenckel et al. 20M8Icher et al. 2020).

The other material that affects the hydraulic fnaicig design is the fracturing fluid. The
fracturing fluid helps to create the hydrostatiegaure needed to break the formation and also
carries the proppant pack to set in the generadetuires to create permeability pathways.
Higher viscosity fluids like gels are used espdgial formation with natural fractures to avoid
the fast leakoff of the fluid before creating thesuled conductivity. However, it could have an
effect on damaging the formation from its residDéer low viscosity options like slickwater
are a better option in very low permeability forroas since they can carry the required amount
of proppant needed (Woodworth and Miskimins 200Zgén 2021). The challenge with
conventional tight-oil formations is the complexwerk of natural fractures that are available

which might lead to fluid leakoff and loss of hydlia fracturing energy. This highlights the
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need for optimizing the fluid needs to fracturestanéormations given their advantages and

drawbacks.

Another challenge for hydraulic fracturing in natlly fractured reservoirs is the
intersection between fractures or what is someticadied fracture hits. This intersection could
affect the performance of a parent well (drilledieain certain in the life of the formation
development) and a child well (drilled later in gw@rounding area of the parent well) that could
affect their performance positivity or negativifyherefore, it is important to have a
comprehensive and an integrated approach whenrilegithe hydraulic fracturing scheme,
especially when natural fractures exist like in ¢tase of conventional tight-oil formations. A
concept that involves looking at the desired frantuarea as a cube or a tank is much better
than looking at the interaction between just a t®gp wells. This comprehensive approach
requires a collection of different geomechanicatygphysical and geological data from different
data sources like logs, core samples, seismicathatalrilling data. Figure 2.2 shows a sketch

listing some of these data and their data soufGapta et al. 2020).

2.2 Natural Fracture Detection

Detecting natural fractures is a challenging téiskwvolves integration of a lot of data
from several resources. While it is important tentify these fractures and their characteristics
in any formation, it is more critical in tight-aiésources. The large permeability contrast
between the tight matrix and the high conductifiiactures has significant implications on the
development approaches used in tight-oil formatiemaddition, the need to hydraulically

fracture these formations makes it even more es$émidetect natural fractures as accurate as
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possible to optimize the resulted interaction betwtne hydraulic fractures and the existing

fracture network.

Petrophysical properties

Poisson’s ratio
Young’s modulus
Biot’s coefficient

Fracture
toughness, Tensile

Logs and cores strength

Overburden stress

. Minimum horizontal
Seismic stress

Pore pressure

Permeability
Porosity
Mineralogy

Natural fractures
Faults
Bedding planes

Figure 2.2: Petrophysical, geomechanical and gémbdata and their data sources for hydraulic
fracturing optimization (Gupta et al. 2020).

Static and dynamic data, like core samples, seisitecpretations, image logs, loss
circulation events and pressure transient resppasesised to characterize and identify existing
fracture networks. In addition, Elrafie et al. (8B) have identified other indicators related to
hydraulic fractures while working on one of the eentional tight-oil formations in the US.
These indicators are related to the different pressends and pumping parameters signatures.
The integration of these data helps to createtarbietage of where these natural fractures are

located.

Elrafie et al. (2015) also showed that the existevidractures could cause significant
pressure interference between wells. In additiargd fractures could prompt fluid segregation

along these high conductivity paths and resulbgalized accumulation of gas near the top of
13



the formation and water at the bottom. Thus, iingortant to implement a rigorous and
comprehensive fracture detection plan as partetifvelopment considerations of any

conventional tight-oil formation.

2.3 Rock and Fluid Interaction

When developing conventional tight-oil formatiohetfocus is to have a development
plan that maximizes the recovery from the entisereoir and not target only the stimulated
reservoir volume (SRV) like in the case of devehgpunconventional tight-oil formations.
Therefore, the fluid properties and the relativenpesability curves plays an important part on the

success of this development.

Even though a conventional tight-oil formation In&gher permeability than an
unconventional tight-oil formation, it is not exped to be over-pressurized as in the case of the
latter. Lower pressure makes these formations hmeer viscosity oil and lower GOR. This
causes the rate from these reservoirs to fall $hafter a short period of production (Ozgen

2021).

For relative permeability data, it is importanti@ve an accurate estimation for these data
for a better forecast of a full field productionowever, the challenge for tight reservoirs is that
obtaining these data from lab experiments is tiovesaming due the very low permeability.

Thus, it is critical to consider analytical techungg to improve the estimation of this data (Liu
and Yang 2014). Also, this data can be estimateauinyerical modeling of pressure responses

from formation testing operations (Tian et al. 2015
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2.4 |nitial Water Saturation

In a conventional oil reservoir, where oil is miggé from a source rock to another
permeable formation with a seal, the oil replabesexisting water in this formation and the
fluid is rearranged in the reservoir based on dgnBiased on that, these reservoirs have usually

relativity high water saturation that exists as péthe fluid mixture in the pores.

The US unconventional oil resources, which arerrefeto as unconventional tight-oil
formations in this research, have generally lowahwater saturation. As the maturation of
kerogen happens, the force of expulsion pushes aatay from the system and squeezes oil and
condensates into smaller pores. This results initaval water saturation in the oil zone. Also,
since the oil is generated inside the source rockmnaostly stays there, this could result in, what
is called, an inverted oil system, where waterdesiover oil. The reason for this phenomenon,
which is not possible when buoyancy forces ardfecg is that some of the pore networks of
these formations are not connected which resukgparate pockets of different fluids to exists

with no communication (Sonnenberg and Meckel 2017).

The conventional tight-oil formations, which are flocus of this research, are expected
to follow the conventional systems where the oisexwith high initial mobile water and in
connection with water aquifers at the bottom. Teaity makes dealing with the water

production an important task when it comes to depiely these formations.

2.5 Economics of Tight Oil

The need for hydraulic fracturing and the shargdidecates makes the development of

tight-oil formations a drastically different probtethan the development of conventional high
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permeability reservoirs. Stimulation requirementidraulic fracturing increase the initial cost
of drilling and completion while the sharp declia¢e makes the oil production revenue fall
rapidly after a few months. Thus, there has alwsgen an expectation that the development of
tight-oil formations is only viable in high oil mes periods that meets the high breakeven points
for these resources. However, the continuationgif production from tight oil formations (as
shown earlier in Figure 1.2) has proved that tmhproduction was viable at low oil prices
around late 2014 and 2015. That means the breakmipts for the success of tight-oil

resources is not constant and can move downwaldthet optimization of drilling and

stimulation operations.

The breakeven point/price is simply defined ascthmodity (oil in this case) price that
makes the net present value of a project equanm. in other words, it means that the cost of
the drilling and extraction of oil equals the reuerirom selling the oil produced. Many factors
can affect the breakeven analysis like rock quatityde type, geographical location and foreign
currency exchange rates. For example, a tighbaiation developed in a geographical area that
is already equipped with oil transfer infrastruetwill have a lower breakeven point than a
formation that require an investment in pipelinestouction to transfer the produced oil. In
addition, external factors like taxation and goveemtal regulations could directly impact the

breakeven analysis (Kleinberg et al. 2016).

The high cost of tight-oil formation developmentkea them less attractive compared to
conventional resources as higher profit marginlmamcurred with lower development cost.
However, with the continuous depletion of convemdiloresources, companies need to acquire
and develop unconventional tight-oil resources &zntheir demand of oil production targets

(Ozkan et al. 2012). This concept is viewed infeetent way in locations that are controlled by
16



National Oil Companies (NOCSs) like in the MiddledgEeSince generally there is no cost of
acquiring the tight-oil resource as it is availalnléhe same geographical location, no decision
needs to be taken on when to acquire the resolineechallenge here became on deciding when
to divert resources (drilling rigs, completion guuient, pipeline construction projects and
personnel) to tight oil instead of keeping thes®ueces to serve the conventional oil

development. In other words, it becomes a resowitesation task.

Having a longer time span to develop tight-oil teses brings an additional angle to the
optimization of a development plan that involvegonavestment like hydraulic fracturing.
Almasoodi et al. (2020) presented an analysisherdevelopment optimization of conventional
tight-oil formations in US midcontinent that invels comparing different fracture spacing and
drawdown strategies (conservative or aggressik@danto account the hydraulic fracturing
degradation with time. The major takeaway heréas the hydraulic fracturing design should
not focus mainly on technical aspects like fractoeductivity. However, factors like the

development period and desired drawdown rate reebd tonsidered as part of the design.

One additional thing worth mentioning about develggight-oil resources is the capital
cost. As hydraulic fracturing requires high initiavestments, US tight-oil producers have relied
on private equity or investment banking to finatiegir operations. Figure 2.3 shows the cash
flow of onshore US oil producers, which indicatesvithey depended heavily on proceeds from
debt in the few years before the oil-price cras@0t4. This dependence showed its
disadvantage clearly in 2015, when, due to lovpodes, most of the cash flow (more than 70%)

was spent on debt repayments (EIA 2015a, EIA 2015b)
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The reliance on debt is a characteristic of smbHmd gas operators who do not have
other resources to fund their operations. Howdaegge oil companies that have more generous
internal resources are less dependent on debhtbtheir operating plan$\(eijermars 2011
This reality gives an advantage to NOCs in the N&dgast to develop conventional tight-oil
formations. These companies can rely on the pracketh operating the high margin
conventional oil resources to fund the developneétight formations. This can be an essential
part of a comprehensive plan to extract all oibteses by shifting some of the cash flow toward
the development of tight formations especially ighhoil price environment. This can develop
high-cost resources by leveraging the profit fromv-kcost resources. At the same time,
incorporating the development of these resourcemef the company’s portfolio gives them
the opportunity to develop conventional tight-aitrhations at a more reasonable pace and not

rush into expedited production without sound reserengineering approaches.

Cash flow items for U.S. onshore producers '
billion 2015 dollars, annualized ratio
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-20 msm Net share issuance
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= Net change in debt
60 — Debt repayments to cash flow (right)
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Source: U.S. Energy Information Administration, Evaluate Energy. cla

Figure 2.3: Bar Chart showing the debt situatianstume U.S. producers from 2012 to mid-2015
(EIA 2015b).
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CHAPTER 3DEFINITIONS, CHARACTERISTICS AND BACKGROUND

In this Chapter, definitions and characteristictigiit oil are discussed. Also, relevant

background information is presented.

3.1 Definitions and Characteristics

Due to the history of development of unconventiaeaburces in North America, tight-
gas and oil resources are usually thought to becaded with source rocks, which are usually
shale (mudstone). Although some oil may be produlexttly from source rocks, a large
proportion of known tight-oil plays are on the nation paths of oil from the source rock.
Depending on the migration conditions and geolegicironment, some of these plays are in
nearby tight formations, which are actively coneeddio the source rock, or farther along the

migration paths, which do not directly communicatwith the source rock.

Zhang et al. (2016) collate the definitions of tigh into three groups:

i) Source-rock (shale) tight-oil resources: Tighti®iin the source-rock and nearby
formations and the source rock is shale. Sourdesrare usually rich in organic
content and currently in hydrocarbon generatiordawn (e.g., Eagle Ford). They
typically have very high initial pressure (above@D psi) and ultra-low matrix
permeability (below 100 nanodarcy). Shale has gersll pores (in the order of
nanometers) and poor connectivity. Therefore, sbidleas low development
potential. These formations cannot produce witltoei&ting a stimulated reservoir
volume through hydraulic fracturing. This definitics adopted by the International

Energy Agency (IEA) and some Chinese organizations.
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i) Source-related tight-oil resources: This definitrefers to oil resources in tight
formations on the migration path, which are activannected to the source rock
(shale). They can still have considerably highahpressure (e.g., core Middle
Bakken). The permeability of these plays is usualy to three orders of magnitude
higher than that of the source rock (in the microgaange) and they have existing
open natural fractures and faults. The ultra-lowrgability formations may include
shale, siltstone, sandstone, and carbonate. Md%¢mhian and some mid-continent
formations (e.g., Meramec) close to the Woodfor@eskall into this category. Wells
drilled into sweet spots formed by natural fractoeéworks and faults may even
produce without stimulation. IEA refers to thisoasce as “light tight oil” or, like
Equinor, EIA and some Chinese scholars, simplyhttigl.”

iii) Stimulated tight-oil resources: Tight oil is alsefided based on the stimulation
requirement (e.g., hydraulic fracturing) for econoproduction, without explicit
reference to lithology and oil quality. This defian covers all low-permeability and
low-porosity reservoirs, which require simulatioeatments to be productive.
Although explicitly referenced in this definitiomost tight-oil resources have some
active communication with source rocks or foundame proximity to them. IHS and

National Resources Canada (NRC) adopt this dedmiti

Depending on their association with the source rdtlang et al. (2016) also classify

tight oil plays into eight categories (Table 3.1):

1. In-source play
2. Above-source play

3. Below-source play
20



4. Beside-source play

5. Between-source play

6. In-source mud-dominated play
7. In-source mud-subordinated play

8. Interbedded-source play.

In-source plays do not have conventional resemtwaracteristics. The source rock also
serves as the reservoir and includes considerafdei@t of organic material. Storage occurs in
both organic and inorganic pore systems. Abovdevize and beside-source plays are not
usually in active communication with the sourcekr@ather than the oil having migrated from

the source rock) and possess more conventionaloaseharacteristics.

There are other types of tight-oil plays are in edorm of communication with the
source rock. Monolayer reservoir rocks with oil glypgfrom both upper and lower source rocks
are defined as between-source plays by Zhang @l6). These are generally thicker than 6.5
ft and can be developed as an individual resenidtiernatively, when multiple reservoir rocks
of individual thickness less than 6.5 ft are ineztded with multiple layers of source rocks, they
cannot be considered (developed) as individuakvegerocks. According to the thickness ratio
of the source and reservoir rocks, Zhang et all§2B8ub-classify them into in-source mud-

subordinated play, in-source mud-dominated plagl,iaterbedded-source play.
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Table 3.1: Classification of tight-oil plays witeference to source rocks (Zhang et al. 2016)

Tight oil play  Above- Below-source Beside- In-source Between-source  In-source mud- Interbedded-  In-source
source source dominated source mud-
subordinated
Anadarko  Gulf Basin Anadarko Anadarko Basin  Williston Basin Alberta Basin Permian Basin Denver Basin
Basin Basin
Geological Cleveland Buda Granite Wash  Woodford Bakken Montney Wolfcamp Niobrara
conceptual
model
Shale, Sandstone  Dolomite Conglomerate, Shale Limestone, Shale, sandstone Shale, dolomite = Chalk, shale
sandstone, shale dolomite
carbonate
o — 7 B % 5
o | o | oo BEE | degand | N oamee -
L |
b | b el |} osee 00000 | BB f N EE . . e
VoA § : 5 5
0 ey 4 .| e :
K L i | Wi
GR logging Reservoir Reservoir GR, 50— Reservoir GR, Whole-section Reservoir GR, 20—  Whole-section GR, Whole-section = Whole-
response GR, 50- 80 50-80 GR, >300 50 100-150 GR, 50-150 section GR,
200 Source-rock GR, Source-rock Source-rock GR, 30-150
Source- 200-250 GR, 100-200 >400
rock GR,
200-250
Shale/formation 0.2 0 0.2 1.0 0 0.8 0.6 0.3
thickness ratio
Analogs Anadarko Williston Basin Uinta Basin Alberta Basin Alberta Basin Piceance Basin Gulf Basin Permian
Basin Three Forks, Current Cr. Duvernay, Viking and Mesaverde, Eagle Ford, Basin Bone
Mississippi = Appalachian Basin Appalachian Cardium, Ordos Songliao Basin Junggar Basin  Spring
Lime Utica Basin Marcellus Basin Yanchang Qingshankou Permian
Red thresholds are chosen for some extremely high GR; L. CLVD Lower Cleveland Formation; U. CLVD Upper Cleveland Formation; EGFD Eagle
Ford Formation; BKKN Bakken Formation; TRKS Three Forks Formation; WDFD Woodford Formation; MNTN Montney Formation; W. Wolfcamp
Formation; N. Niobrara Formation; A. Member A; B. Member B; C. Member C

Table 3.2 presents the locations, classificatiand, geologic characteristics of known,
major tight-oil resources around the world (Zhahgle2016). The focus of this research is the
tight-oil resources in the Middle East, which arerarily conventional tight-oil formations.
According to the classification presented by Zhanhgl. (2016), conventional tight-oil
formations are above-, below-, and beside-soumgsplwvhich do not actively communicate with
the source rock. This distinction is important hessaconventional tight oil plays differ from the
source and unconventional plays in many aspeatb, &sirock properties, geologic structure,
hydrocarbon storage and flow characteristics. hno@der sense, characteristics of conventional
tight oil plays are more closely associated withsthof conventional reservoir than the

unconventional tight-oil plays.

22



Table 3.2: Characteristics of global tight-oil resmes (Zhang et al. 2016)

Basin Formation Country Age Lithology Type of play Sedimentary
environment
Oman Basin  Athel Oman Cambrian Siliceous shale Above-source Deep-sea anoxic
sediment
Anadarko Cleveland USA Late Sandstone, shale Ab: Delta-fluvial
Basin Carboniferous sediment
Neuquen Vaca Muerta Argentina Late Jurassic— Bottom maristone, top sandy Above-source Lacustrine
Basin Early Cretaceous limestone sediment
Central Brown Indonesia  Oligocene Shale, carbonate Above-source Lacustrine
Sumatra sediment
Basin
Thiemann South Russia Devonian Carbonate, shale Below-source Shallow marine
Pechora Devonian clastic zone
Northwest Posidonia Germany, Jurassic Thin black shale, marly limestone Below-source Shallow marine
Basin Netherlands clastic zone
Appalachian Utica/Point USA Late O i C shale, Bel Shallow marine
Basin Pleasant shale, limestone clastic zone
Georgina Lower Arthur  Australia Thick with thin i Bel Deep anoxic
Basin Creek sandstone sediment
Uinta Basin  Wasatch/Mesa USA Late C il black Besid Lacustrine
Verde Early Eocene shale sediment
Anadarko Granite Wash USA Late Conglomerate, shale Beside-source Lacustrine
Basin Carboniferous- sediment
Permian
Anadarko Woodford USA D i Early ili silty shale, i I Shallow marine
Basin Carboniferous limestone clastic zone
Alberta Duvernay Canada Late Devonian Interbedded li and I Deep anoxic
Basin sediment
West Bazhenov Russia Late Jurassic Siliceous, carbonate shale In-source Deep-sea anoxic
Siberian sediment
Basin
Ghadames  Tannezuft Libya Early Silurian Black shale, carbonate In-source Deep-sea anoxic
Basin sediment
Anglo- Limburg Britain, Late Interbedded fine sandstone and shale | Delta-fluvial
Dutch Basin  Group Netherlands Carboniferous sediment
Williston Bakken USA Late D L a small amount  Between-source Shallow marine
Basin of sandstone clastic zone
Cambay Tharad India Eocene Calcareous shale, siltstone Between-source Shallow marine
Basin clastic zone
Alberta Viking Canada Under the Sandstone, conglomerate, shale Between-source Shallow marine
Basin Cretaceous clastic zone
Central Arab Hanifa Saudi Jurassic Interbedded maristone and chalk Between-source Shallow marine
Basin Arabia carbonate zone
Alberta Cardium Canada Late C: with Between-source Delta-fluvial
Basin interbedded fine-grained sediment
conglomerate
Eromanga Merrimelia Australia Late Permian Interbedded fr ce Delta-fluvial
Basin siltstone, and mudstone sediment
Qaidam Dameigou China Middle Jurassic  Black shale, gradually itioning to ce Delta-fluvial
Basin fine sandstone upward sediment
Songliao Qingshankou  China Late Cretaceous  Thin sandstone with interbedded Between-source Lacustrine
Basin shale sediment
Ordos Basin Yanchang China Triassic Frontal delta i i Lacustrine
delta, fluvial source/above- sediment
source
Sichuan Lianggaoshan China Jurassic Shale, limestone Between- Lacustrine
Basin source/above- sediment
source
Illizi Basin Aouinet Algeria Devonian Shale, thin sandstone In-source mud-  Shallow marine
Ouenine dominated clastic zone
San Joaquin Monterey USA Miocene ili ite, chalk I mud-  Shallow marine
Basin dominated clastic zone
Alberta Montney Canada Triassic Shale, siltstone In-source mud-  Deep-sea anoxic
Basin dominated sediment
Messiah Bals Romania Jurassic Black shale, argillaceous siltstone Interbedded- Shallow marine
Platform source clastic zone
Gulf Basin  Eagle Ford USA Late Cretaceous  Shale, carbonate rocks, calcareous Interbedded- Shallow marine
mudstone source carbonate area
Permian Wolfcamp USA Early Permian Shale, i i Inter Shallow marine
Basin siltstone source carbonate zone
Reconcavo  Candeias Brazil (o with Inter Lacustrine
Basin fractures source sediment
Denver Niobrara USA Late Cretaceous Interbedded chalk and mudstone, In-source mud- Shallow marine
Basin siltstone, sandstone subordinated carbonate zone
Permian Bone Spring USA Early Permian i rocks i mud-  Deep anoxic
Basin subordinated sediment

3.2Background

One of the defining characteristics of conventidigit-oil formations is the existing

natural fractures. This brings to the discussiguicwlike interaction with hydraulic fractures,

23



dual porosity formulation, geomechanics couplind apecial wellbore completions. These

topics are discussed in this section.

3.2.1Interaction of Natural and Hydraulic Fractures

As for the development of unconventional tightfoilmations, hydraulic fracture
stimulation may be expected to be one of the kelyrtelogies for the successful development of
conventional tight-oil formations. However, thisnees with an additional challenge. The
challenge is to make sure that the induced frastwik efficiently interact with the existing

network of (natural) fractures.

Under ideal conditions, three-dimensional anisotnoyay be assumed for the stress field
over a homogenous formation and the induced frastare expected to propagate perpendicular
to the minimum principal stress. However, in rdaalisases, the stress field is more complex due
the petrophysical heterogeneities, existence okness planes from natural fractures, which can
cause diversions in the fracture propagation. Céimgand orientation of the natural fracture
will have an effect on the geometry of the indur@dtures also. So, it critical to try to map
these natural fractures using micro-seismic datbodiner means (Gonzalez-Chavez et al. 2015;
Wang 2019). Due to the uncertainty in the fracfun@agation and connection with the natural
fractures, concepts like stimulated reservoir vau®@RYV) might not be applicable in
formations, where the network of natural fractyses-exists, and the drainage area of the wells

is not defined by the extent of the fracture netmeated or re-activated by hydraulic fractures.

An additional factor to note here about hydraulacture propagation is the kerogen
content. In shale formations, which is a subsetnaionventional tight-oil formations, the

presence of the kerogen (organic matter) makefoth®ation more ductile (Brochard et al.
24



2013; Han et al. 2018; Khatibi et al. 2018). Ore dther hand, conventional tight-oil formation
does not contain kerogen, which may make them imattée. This may lead to creating more
cracks around the wellbore with higher permeabilitpwever, the pre-existence of natural
fractures can cause leak-off of the fracturingdfland dissipation of the fracturing energy into
the fracture network and prevent the creation @f fractures. The reason for mentioning this is

to highlight the complexity of fracture propagatiomaturally fractured tight reservoirs.

3.2.2Dual Porosity Formulation

Since conventional tight-oil formations are mostaturally fractured, it is important to
model them by including the effect of natural frtaets. This can be done using the one of the
two: Warren and Root (1963) model which considgrseudo-steady matrix to fracture fluid
transfer assumption and Kazemi’'s (1969) model whantsiders transient interporosity fluid
transfer (Figure 3.1). Pseudo-steady flow happdmsnwthe boundary of the system is reached
and the pressure is decline uniformly while transf®ow happens when the boundary is not
reached. In dual-porosity system, there is one umedvith high fluid storage and low
conductivity and that is the matrix. The other nuedihas low fluid storage and high
conductivity and that is the fracture. This leanlthie need to introduce parameters like
storativity and transmissivity which describe théas of each medium to the whole system.
Different definitions of these parameters and aoiporation of multi-phase flow are discussed
in the literature (Kazemi et al. 1976; de Swaarn9@6l Serra et al. 1983). Modern reservoir
simulators (like IMEX) include the dual porositytam which allow the user to assign different

rock properties for the matrix medium and the fneetmedium.
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Figure 3.1: A schematic of the two dual porositydels (Kuchuk and Biryukov 2013).

3.2.3Geomechanics Coupling

Reservoir engineers use simulation models to utatetghe historic performance and
assist in shaping the future development plansif@nd gas reservoirs. Historically, simulation
models considered a static flow domain (resenang did not include the effects of
geomechanics (i.e., the dynamic changes takingprathe properties of the reservoir due to
injection and production of fluids). In traditionaservoir simulation models, the only factor that
deals with the rock behavior is the rock comprabtsibThis ignorance of geomechanics was
acceptable when dealing with high permeability galthat are not very sensitive to stress
change. Thus, the impact of rock movement hasivaglasmall effect on the production.
However, as the advancement of horizontal wellstgmttaulic fracture technologies opened the
door for the development of challenging resourgesdhale and other low permeability

reservoirs, more attention has been devoted tgebeechanical aspects of the reservoir in
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order to develop more accurate models. This atteritas been practiced by coupling

geomechanics and fluid flow into the same or halcally connected models.

There are basically two types of geomechanics aogigith fluid flow. The first type is
pore-volume coupling where the pore volume for dbthfluid flow model and the rock
deformation (geomechanics) model are in agreeniétpore volume is defined by the
multiplication of porosity and bulk volume andsta function of pore pressure, effective stress
and temperature. However, the bulk volume is atgmeddent on pore pressure, effective stress
and temperature. Since traditional simulation metele fixed bulk volumes, the change in the
pore volume of both the fluid flow and rock defottoa model are connected by porosity term

which is a function of strain (Holstein 2007).

The second type is the flow-properties couplingolhmainly refers to the use of stress
dependent permeability. This type of coupling isenessential when modeling a reservoir with
natural fractures where the fractures’ opening@asdure are affected by the stress changes
(Holstein 2007). The stress-dependent permealoditiie fractures can be added to the simulator
using empirical relations like the Barton-Bandisdab(Barton et al. 1985) to control the fracture

permeability change with stress.

3.2.4Selective Lateral Isolation

Natural fractures cannot always be accounted ftmreehe drilling starts. Mapping and
seismic data could give some indications for freeduHowever, many natural fractures can be
encountered during drilling by the events of lossutation. To deal with these fractures at the

wellbore stage, smart completion options are alkdlto isolate and divert the fractures for
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producers and injectors. These completions usegpaeid valves that can be used to

compartmentalize the wellbore section (Arenas aalie[2003; Abllah et al. 2011).

The availability of this smart completion technofagves an extra tool when considering
well types for a development strategy. This typeahpletion can be used to isolate the flow
from some sections or temporary close or openicectampartment. This can help with
managing the recovery from a reservoir system di#tstically heterogenous permeabilities like

a tight formation with natural fractures.
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CHAPTER 4CHARACTERISTICS OF MAJOR CONVENTIONAL TIGHT-OIL PLXS

Most currently known and developed tight-oil playe located in North America. There
are also some tight-oil developments in PeoplejsuRéc of China. As the objective of this
dissertation is to discuss the development potenttidae Middle Eastern tight-oil resources,
below, the general characteristics of Middle Eiggtttcarbonates are presented first. Then the

U.S. Midcontinent Tight Carbonates and Chinese fT8g#ndstones are discussed.

4.1 Middle East Tight Carbonates

Conventional tight-oil formations might be availalsh many places around the world.
However, the focus of this literature review wié bn the Middle East, which has 48.3% of the
world’s proven oil reserves (BP 2019). To bringeagpective of their characteristics, they will
be compared to the US tight-oil accumulations kpathe US “unconventional revolution” in

the last decade.

4.1.1Rock Properties

Table 4.1 summarizes the reservoir data for someesdional tight-oil reservoirs in the
Middle East. It is important to note that the datesented describe the reservoir interval that was
examined. Some of these tight formations mighnbthe same deposition as other high
permeability (conventional) formations. From theéadaresented in Table 4.1, it can be
concluded that these formations have predominaatlgonate lithology and their permeability
lays in the range of 0.01 to 10 md. This showseardflistinction from the permeability of tight

source rocks, which is usually in the range of mi¢o nano-Darcies. The data in Table 4.1 also

29



Table 4.1: Rock and Fluid Properties of some exampf conventional tight-oil formations in the MiddEast

Available or Bubble
. . - . Dominant Oil Reservoir . Reservoir Oil Water
Formation Field / n Permeability | Porosity 3 . Paint n " A 3 FVF GOR
Name Country Lithology md % Ppre Size | Density Pres;ure Pressure Temp. Viscosity | Viscosity bbl/stb | scf/bbl Reference
Diameter °API| psi & F cp cp
micror P
. Saih Rawl 4 153@ Senger et al.
Shauiba / Oman Wackestone| 2 27 - 34 2200 750 165.7 750 psi 0.45 11 112 2001
Shauiba | Oman | Wackstong 1-10 20-40  03-10 8 - - - 4-5 - - Wa”z"(‘)’gg"'t al.
Natih Oman | Limestone| 001-13  7-38 <0.1 - Hillgartner et
al. 2011
2300
(reported
5-10 as.
Lower Wackestone confining Jobe 2013
Shuaiba UAE and 1.7-33 17 -23.9 o - pressure - 195 3.0 0.535 - - and Alameri
Boundstone (signifcant during a 2015
volume < 5) core
aging
process
Lower Farouk et al.
Shuaiba UAE - 09-13 13-20 <05 - - - - - - - - 2014
South
Fuwaris
Field /
. Partitioned .
Ratawi . Al-Rubaiyea
: Zone Limestone 2.4 17 - 25 - - - - - - -
Oolite between etal. 2015
Kuwait
and Saudi
Arabig
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indicate that the pores sizes in conventional t@htormations vary between 0.1 and 10
microns in diameter (they might even fall below thitron). The pore diameters of common
unconventional plays in the United States, sudNiabrara and Haynesville, are usually below

0.1 micron (Saidian 2015).

4.1.2Geologic Structure and Hydrocarbon Storage

In conventional petroleum systems, oil and gagarerated in deep basin source rocks.
After maturation of the hydrocarbons in the sounik, they migrate through permeable
formations until they are trapped in a structurecivhs sealed by an impermeable layer at the
top and fluid interface at the bottom as illustdaite Figure 4.1. The traps are discrete and the
fluid inside them is arranged by buoyancy forcess Thwhat is referred to in this dissertation as

conventional oil accumulation.

The unconventional resource revolution in the teestade brought a different type of
hydrocarbon accumulation into attention. These laxdations are deep in the basin and are
pervasive. They are either in or very close tosierce rocks, where the thermal maturation
process converts the organic matter (kerogen)hntivocarbons (oil, gas, and condensate) under
favorable pressure and temperature conditions.nguhe maturation process, the volume of the
kerogen increases and causes significant increagaessure. This increase in pressure creates
micro cracks and expulsive forces in the format\Mien the pressure increases to the level to
break the seal over the source-rock, migrationgseof the hydrocarbons starts. With the
migration of the hydrocarbons, pressure drops hadeal closes to continue the maturation
process if there is more kerogen to cook. Durirgrtfaturation process, before the seal opens,

there are significant volumes of hydrocarbons stamehe source-rock. However, because of the
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tight pore throats of the rocks, they cannot belpeced unless a flow path is created by
technologies like hydraulic fracturing. NiobraradadBagle Ford are examples of such formations
where the oil is accumulated in the source-rocktl@nother hand, in the Bakken area, the
hydrocarbon is mainly accumulated in the middle Kgakreservoir which is sandwiched by the
upper and lower Bakken shales that act as souos (Sonnenberg 2012; Sonnenberg and
Meckel 2017). Figure 4.2 shows a structural cressian of the Bakken formation showing the
middle Bakken member at the center of the basie.|@out of the middle Bakken reservoir
makes it pervasive in nature and not discrete @sdhventional reservoirs shown earlier in
Figure 4.2. This enables the storage of large atsaafrhydrocarbons, which has led to the

increase in the US oil production in the last fezans.

Reefor
Anticline Fault Stratigraphic ;%lt
trap trap trap P

Oil window

Gas window

Figure 4.1: Oil and gas migration from source ratkeeservoir rocks (Earle 2019).
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Figure 4.2: Bakken structural cross-section showlregmiddle Bakken reservoir in between the
upper and lower source rocks (Sonnenberg 2012).

4.1 .3Flow Characteristics

Advective transport, driven by pressure gradiewt @escribed by Darcy’s law, is
considered as the main mechanism for hydrocarbaaugtion from conventional reservoirs. In
unconventional (shale) gas reservoirs with nangdaecmeability, Knudson diffusion, slip-flow,
gas diffusion in kerogen, and desorption from orgg@ore and fracture surfaces may be the
main or contributing mechanisms of transport (Jaead 2009; Ozkan et al. 2010). Oil flow in
the nano-porous matrix of source rocks is dominbtediffusion and molecular diffusion plays
an important role in enhanced oil recovery (EOR\gigas injection, such as GOr CHs. In
addition, osmotic pressure effect has been coreiderthe interaction between the rock matrix
and injection fluid, as in the case of low salinitgterflooding (Alharthy et al. 2015; Karimi et
al. 2019). It is important to note that the meckars mentioned above are studied at pore level
and represented by macroscopic-level approximatiofisld scale mathematical models.
Therefore, the delineation and quantification & #ffect of these mechanisms at field scale are

difficult.
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For the case of conventional tight-oil reservoivkjch is the focus of this research, pore
sizes and morphologies are in the range of saféicaipn of Darcy’s law to describe the fluid
flow inside these rocks. Thus, the most notableufeaof flow in conventional tight-oil
formations will be the effect of the large contriastween the properties of the tight matrix and

the highly conductive fractures (natural and hyécauactures).

4.1.4Natural Fracture Challenge

The development of conventional tight-oil resourmd®ws a similar process to the
development of any oil resources, where data ateegad from logs and core samples to
construct the best development plan. However, tigance of natural fractures and the
restraints of economics pose additional challenigatscan significantly impact the development

plans for conventional tight-oil resources.

Natural fractures have a significant impact ondlfiow in any reservoir. However, in
tight formations, this impact is magnified due lte targe contrast between the permeabilities of
the matrix and the fractures. The existence otdiras, if not considered properly, could
significantly impact the success of any reserveiralopment plan. The effect of fractures
becomes even more critical for waterflooding anRIEOR considerations. Therefore, accurate
characterization of fractures is essential fordbeelopment decisions of conventional tight-oil

resources.

Fracture characterization starts from collectintadeom seismic activities, core samples
and image logs. This leads to a geological mode¢poesent the fracture systems in the
reservoir. The geologic model incorporating thepgrties of the fracture systems, such as

location, orientation, length, width and condudtiyserves as the basis of the dynamic flow
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models. However, with all the specificities of tyeology, petrophysics, and fracture systems,
the real reservoir response cannot be capturethhy data only. Reservoir dynamic data, such
as pressure transient tests, flow and pressum@istc., need to be considered in order to
calibrate any model. This makes the fracture chiaraation an iterative process where the
model is updated with real reservoir response daemi et al. 2005). Moreover, the collection
of data to optimize fracture characterization ®atinuous process. Some data cannot be
collected in the early life of the reservoir. Feample, one of the events that characterize the
effect of fractures directly is the loss of cirdida during drilling. Intersecting fractures during
the drilling operation of multiple wells will vegifor improve the fracture distribution currently

used in the flow model.

Figure 4.3 shows an example of fracture mapping\gttih, a conventional tight-oil
formation in Oman (Hillgartner et al. 2011). Thigpwas generated by integrating field data,
like image logs, drilling-fluid losses and seisnmterpretations. Based on this map, a conceptual
fracture model was constructed as shown in Figuteldis interesting to see the complexity and
the distribution of the fractures in the field. Rear distinction between fracture corridors and
normal fractures was identified. In this examphe, tracture corridors have 300-500 m spacing
and each corridor consists of a cluster of frastuvgh 10-50 m spacing. The example presented
in Figure 4.3 and Figure 4.4 shows how compleXitheture characterization could be.
However, conceptual fracture modeling should besicared as an evolutionary process and the

fracture model should be updated as new informdiemomes available.

As noted earlier, in a low-permeability environmdatge contact area between the
reservoir matrix and the well is essential. Fraetuetworks intercepted by a vertical or

horizontal well significantly increase the well'srdact area with the reservoir and may enhance
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the productivity of the well. However, intersectiagomplex fracture network could be
detrimental to the productivity of the well in tpeesence of unwanted fluids from an aquifer or

gas cap or during waterflooding. Navigating throtigén known and unknown fractures is,

therefore, a major challenge.

1. main orientation of

4 s

2. e Totallosses
e Partial losses

Data integration of :

Well log and image log interpretation
Drilling data

Fault interpretation
Seismic structural interpretation (ant tracks)
Pl and Il data

aroN=

Figure 4.3: Fracture mapping using an integratiomwall and field data (Hillgartner et al. 2011).
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Figure 4.4: Fracture model based on mapping datiéirner et al. 2011).

4.2 The U.S. Midcontinent Tight Carbonates

Conventional tight-oil carbonates in the Anadarkasia of the U.S. Midcontinent may
serve as analogs for the conventional tight-oiboagates in the Middle East. The Anadarko
Basin includes the Mississippi Lime, STACK and SGD@ays targeting the Meramec and
Osage formations in Kansas and Oklahoma (Austah @015; Elrafie et al. 2015; Vassilellis et
al. 2015; Yee et al. 2018; Almasoodi et al. 202an& jee et al. 2020; Freeman et al. 2020;
Huchton et al. 2020). In this section, some aspafdise developments of these reservoirs are

discussed.
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4.2.1Fracture Corridors and Fluid Segregation

The existence of natural fracture corridors playsnaportant role in the success of the
development of conventional tight-oil formationsv@ examples are discussed here to highlight
the effect of high conductivity fracture corridams production from conventional tight-oil
carbonates. The first example is from the STACK/ pkgure 4.5 shows a schematic of how
high-conductivity fracture corridors create a pftha strong inter-well communication, which
includes flow of water from the hydraulic fractugipperation. This communication makes
shallower wells perform relativity better than deewells. The deeper wells produce 100%
water initially; then, they start producing oil Wia high watercut. This is due to the inter-well

communication (Freeman et al. 2020).

Figure 3.7 shows the water saturation profile felsimulation of five wells in the
reservoir (Freeman et al. 2020). The existencaghf bonductivity corridors causes a disruption
in the water saturation distribution. The five gadlre considered as one flow unit where most of
the water from the hydraulic fracturing procesdrained through the shallower wells and the oil
is produced mainly from the upper wells (Freemaal.€2020). Based on these observations, it is
recommended not to inject large amount of wateinduthe fracturing operation, especially if
the injected water is anticipated to flow in thadfiure corridors. Also, wider well spacing might
be suitable for these types of reservoirs becawesdrainage area and SRV concepts commonly
used for the unconventional tight-oil formationgttinot apply in this case (Freeman et al.

2020).

The high density of these fractures corridors makes a good environment for the

fluid to segregate in the reservoir causing waiexdcumulate at the bottom. It is not clear if
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using wells at the bottom of the formation to stluk water (sump wells) will be effective.
However, it is wise to consider wells avoid comipigtwells at the bottom of the formation to

avoid excessive production of water (Freeman e2G#0).

The second tight carbonate example is from a faonddetween Kansas and Oklahoma.
Figure 4.7 shows the cross-sectional distributibftuads from a reservoir model illustrating the
dramatic effect of fracture corridors on fluid dilstition in the formation. These corridors
provide for rapid fluid segregation, which caudes gas to accumulate in the upper zones of the
formation at low depletion pressure. The criticapact of the fracture corridors on fluid
distributions and production performance furthedentines the importance of characterization
and mapping of the natural fractures correctlysiaccessful development of these resources

(Elrafie et al. 2015; Vassilellis et al. 2015).

The fluid segregation in the fractures cause tisetga@accumulate at the top which makes
upper as almost gas producer while to water accatmal the bottom. Water removal or what
can be called de-watering by producing from botteetis might play a positive role in
elongating the period for a primary depletion frdra upper well. (Elrafie et al. 2015; Vassilellis

et al. 2015).
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Figure 4.5: A diagram showing the communicatioweein the created well SRV and the high
conductivity conduits (corridors) (Freeman et 82@). Reprinted with permission from URTeC,
whose permission is required for further use.

Figure 4.6: Side view showing height water levehigh conductivity conduits (corridors)
(Freeman et al. 2020). Reprinted with permissiomftJRTeC, whose permission is required for
further use.
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Figure 4.7: A cross section of the reservoir shgwirgh water saturation in fracture corridor
area (Vassilellis et al. 2015). Reprinted with pssion from URTeC, whose permission is
required for further use.

4.2.2Hydraulic Fracturing and Well Design

Designing a hydraulic fracturing operation in thegges of reservoir is a challenging
task. That because the existing of high-densitymahfractures cause abnormal pressure
responses mainly lower than expected values. Thkaeation for these pressure signatures is the
existent of partially closed natural fractures et be easily opened with a minimum pressure.
This creates an extra challenge in designing fracttages along a horizontal lateral (Elrafie et

al. 2015; Freeman et la. 2020).

Understanding all the challenges when dealing wativentional tight-oil formations
when it comes to fracture corridors, fluid segregatind hydraulic fracturing challenges could
lead to more innovative well designs to leveradi¢hal advantages in place. For example, Figure
4.8 shows an actual wells design for a multilatpriait well drilled in the Kansas and Oklahoma

area that was presented earlier. The design cemdiseven laterals: upper fractured well,
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middle fractured well and five lower unstimulatedlls. The idea here is to maximize the
depletion from this area with a single surface fimrato optimize the well economics while
achieving a maximum contact with the formation rotke upper well could produce the gas
that accumulate at the top and the lower lateralk\as de-watering sumps to suck the water of

the system (Austin et al. 2015).

Figure 4.8: Actual well design in the U.S. midcaosetit tight carbonate consists of 7 laterals
(upper, middle and 5 lower producers) (Austin eRall5). Reprinted with permission from
URTeC, whose permission is required for further. use

4.3 Chinese Tight Sandstones

Another example tight oil formation is in the Chgmy oilfield of the People’s Republic
of China. It is not clear if this formation can téescribed as unconventional or conventional.
However, it is described as a low-permeability samgle formation with permeability value
between 0.2-1.85 md with pore sizes mostly in #mge of 0.005-10 microns. These
permeability and pore size values are similar éodbnventional tight-oil formations in the

Middle East that are presented earlier in this t#raplowever, natural fractures in this formation
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are poorly developed and do not act as high-condtyctorridors. They are believed to have
been activated during the waterflooding operatiot @ause poor waterflood sweep efficiency

(Yu et al. 2019; Wang et al. 2019; Chen et al. 2018

A study (Chen et al. 2018) was conducted on cargkss to evaluate the effectiveness
of huff-n-puff waterflooding approach. The ideaéderas to benefit from the large surface
between the natural fractures and matrix to aBsiste imbibition of water into the matrix. The
core study along with a field pilot showed promgsnesults for the huff-n-puff waterflooding in

this conventional tight-oil formation (Chen et 2018).

Yu et al. (2019) proposed another approach to ltenain the waterflooding concept in
this type of fractured tight formations. The apmtoé called Allied In-Situ Injection and
Production (AllIP) and its idea is to have some sagmsproducing oil and other segments
injecting water in the same well at the same tifngure 4.9 shows a sketch of the AlIP system.
The producing and injecting segments are sepagt@adckers. A simulation study showed that
AlIP system can improve the oil recovery comparettdditional waterflooding and provide a

better water injectivity.
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Figure 4.9: Allied In-Situ Injection and ProductiOhllP) system (red: producers, blue: injectors
and grey: packers) (Yu et al. 2019).

The purpose of presenting this example is to higlldifference of natural fractures in
tight sandstones which may not show the same lag®the high conductivity corridors that was
presented earlier in the carbonate examples. Betheorly developed natural fractures,
development strategies that involve waterfloodinghtbe applicable. This is different than
dealing with high conductivity fractures which whlé the focus on this numerical study in the

next chapter.
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CHAPTER 5NUMERICAL MODELING

This chapter provides information about the simarlatsed in this research, introduces
the numerical model, and provides the relevantrapsions. It also documents the sensitivity

runs to prepare the reservoir model for the analpsesented in the next chapter.

5.1 Numerical Simulator

The IMEX simulator from Computer Modelling GroupdL{CMG) is used in this
research. IMEX is a black-oil, multi-phase flow sil@tor, which accounts for the gravity and
capillary forces. Some special features of IMEXjackihare relevant to this research, are

discussed in this section (CMG 2019).

5.1.1Dual Permeability Option

In order to simulate a tight reservoir with naturakctures, a dual-porosity/dual-
permeability (DPDP) model is used. This optionimsy called the dual-permeability model in
IMEX. The model allows to have two sets of poresitand permeabilities in each grid block:
one for the matrix and one for the fracture. Thdrbgarbon storage is controlled by the
porosity-compressibility product and the condutyivs controlled by the permeability-thickness

product for the matrix and fractures.

The critical feature of the DPDP model is to acdadanthe complex exchange of fluids
between the high-storage and low-flow capacity matnd the low-storage and high-flow
capacity fractures (Kazemi 1969). The DPDP optiotMEX allows flow between fractures,

matrix and fractures, and between matrix blocke Mwodel allows the user to specify the shape
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factor to control the flow from matrix-to-fracturgor this study, the Gilman and Kazemi (1983)

shape factor is used.

5.1.2Geomechanics and Hydraulic Fracturing Modeling

To include the geomechanical effects in the flomdation, a geomechanics grid is
created in conjunction with the host fluid flow@riThe effect of geomechanics is captured by
change in porosity which is dependent on pore pregdran et al. 2002). The pressure and
porosity are passed between the fluid flow grid Hredgeomechanics grid in an iterative manner

until a convergence is reached and the stress@gify are updated.

For modeling the hydraulic fracture creation in thedel, modified Barton-Bandis (BB)
model is used (Barton et al. 1985; CMG 2019). IMiBreases the fracture permeability where
the fractures are being developed or enhancednibuel uses the following stress equation

(Biot 1941; Terzaghi 1943; CMG 2019):

(5.1)

where is the total stress, is Biot’s coefficient, is pore pressure and is the normal

effective stress, which is equivalent to the minimprincipal stress. In the reservoir, the total
stress remains relatively constant. Thus, baséti@BB Model, when the pore pressure is
increased by injecting a fracturing fluid, the etfee stress decreases and leads to an increase in

the fracture permeability.

Figure 5.1 illustrates the BB model with its paréeng defined in Table 5.1. The fracture

permeability is created when the fracture opentrggs is reached and the permeability moves
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from point B to point C. After the stress is remdythe fracture stays open and retain a residual

permeability assigned by the user.

Table 5.1: Explanation of the parameters usedemibdified Barton-Bandis (BB) model

€ Initial fracture aperture (ft)
kni Initial normal fracture stiffness (psi/ft)
frs Fracture opening stress (psi).

khf Hydraulic fracture permeability (md)
kccf Fracture closure permeability (md)
krc Residual value of fracture closure permeability Ymd

Figure 5.1: Modified Barton-Bandis (BB) Model useddescribe creation of hydraulic fractures
(CMG 2019).

5.2 Model Description

A 3-dimentional conceptual simulation model wasated to study the flow and

production behavior of conventional tight-oil fortiwas. The model is coupled with
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geomechanics and can be used to simulate hydfeaditiring creation. In this section, the data,

simulator setup, and assumptions used in the navdgiresented.

5.2.1Fluid and Rock Properties

Table 5.2 shows the basic rock and fluid propersed in the simulation model. These
data were compiled from the literature on converaidight-oil reservoirs in the Middle East,
which were presented earlier (Table 4.1). Onecalitbbservation from the density and viscosity
presented in Table 4.2 is that the reservoir alssumed to be in the range of light to medium

grade.

Table 5.2: Basic assumptions for the fluid progsrin the simulation model

Matrix Porosity 0.25

Matrix Permeability (1JK) 1md

Reservoir Temperature 208

Reservoir Pressure 3,000 psi

Bubble point pressure calculation 1,200 psi

Oil density (at 14.7 psia, 66) 32 API

Gas density (at 14.7 psia, 69 0.7 (specific gravity)
Oil Viscosity at reservoir pressure 3.0cp

Rock Compressibility (at 14.7) 1x$A/psi

Common fluid properties correlations are used toegate the PVT data. However,
because common correlations do not correctly reptdbe increase of viscosity above bubble
point, the viscosity will be specified at reservoanditions. This viscosity value is taken also
from the Middle East tight-oil data presented imblEa4.1. The PVT table is included in

Appendix A.

Relative permeability data that are used in angriesr model may be generated by
extensive coreflooding studies, which are senstoveservoir conditions and fluid properties.

The practical way to create relative permeabilityves for the use in a simulation model is to
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use correlations like the modified Brooks-Coreyamns (Brooks and Corey 1964). These
eqguations require some input data of end pointstmeéquation exponents which could be an
area for sensitivity studies, especially for a datian case with significant water movement in
the reservoir. For this simulation study, the pagters from a coreflooding study on samples
from tight formations in the Middle East were ug@thmeri 2015) to create the oil-water
relative permeability curves. Other assumptionsevsed to create the gas-liquid relative
permeability curves. The relative permeability @sare illustrated in Figure 5.2 and the data
are shown in Appendix A. For relative permeabitibta, the same values were used in the
fracture and the matrix media. Even though itaslitional to use straight-line relative
permeabilities for the fractures, with high cond\ity fractures, the role of the relative
permeability in the fracture will be less signifitan the flow equation. Thus, it is appropriate to

make this assumption.

Figure 5.2: Water-Oil and Gas-Liquid relative peaiity curves used in the model.
Capillary forces gain significance in small pore® do confinement. The studies on the
effect of capillary pressure on phase behavior. (&lgjabaei et al. 2012; Firincioglu et al. 2013;
Ozgen et al. 2016) showed that the effect of capilpressure is important when dealing with

pore sizes in the ranges of nanometers, whichraadlex than the pore sizes of conventional
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tight oil formations (in the range of 1-10 micromes). Based on that, it is safe to assume that the

capillary pressure has negligible effect and cangseimed as zero in this study.

For the initialization of the simulator, water-weservoir condition is chosen. By
definition, conventional formations had oil migrati® them from source rocks. Initially,
reservoir rocks are filled with formations waterigthmake them water wet. Depending on the
interaction between the rock, formation water dreddil in the reservoir with different mineral
compositions and clay presence, the rock wetnegbtrbe altered later to be mixed wet or oil
wet (Salathiel 1973; Jadhunandan 1990; Lager €08I8). However, assuming an oil-wet
reservoir to initialize the simulator leads to tlen-existence of water in the oil zone, which is
unrealistic. Therefore, the water-wet reservoiuagstion should be suitable to simulate a

conventional formation for the purposes of thisegsh.

Other initialization data are the oil-water cont@@WC) and the initial fluid saturations.
OWC was set at the bottom of the 70 ft reservooriter to not have movable water initially in
the reservoir. This same OWC is used to indicagesthart of the aquifer for the additional
sensitivity cases the involves an aquifer encroastinThe connate water saturation was set at
30% which leaves 70% for the oil saturation in thisvater system. The initial water saturation
is not movable. Additional sensitivity cases thigtdss an existence of movable water are

investigated in Chapter 6.

5.2.2Geomechanical Properties

The geomechanical properties that were used inegervoir model are shown in Table
5.3. Although the detailed modeling of hydrauliadiure creation and propagation is important

for the assessment of the performance of conveattiaght-oil reservoirs, it is not part of the
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scope of this research. Thus, the sensitivity e¢hgeomechanical properties were not
considered. What is used here are the generic gésun® required to create fracture
permeability around the wellbore. The factors affegthe permeability of the created fractures

are discussed in the next section.

The parameters for the BB model are also includetie Table 4.3. These parameters are
for tensile failure only. Shear failure was not sigiered in this work. It is important to note that
when using the BB model to simulate the fractusation, it does not require the specification
of the injection fluid type (like slickwater or gedr the quantity and the type of proppant. This

might alter the type of the created fracture.

One important assumption to note here is the asgghof the minimum horizontal
effective stress value in the x-direction. Thisl\ahd to creating transvers fractures in the y-z

plane and increase the fracture permeability inythend z-directions.

Table 5.3: Geomechanical data for the reservoiraisod

Young'’s Modulu 1 x 1 psi eC (BB Model) 1x 1C5ft
Poisson’s Rati 0.3C kni (BB Model) 1 x 1C® psi
Biot’s Coefficien 1.C frs (BB Model) 0.C
Cohesiol 1 x 1 psi khf (BB Model) 1,000md
Friction Angle 30 kccf (BB Model) 500md
Yield Criterior Mohr-Coulomk krc (BB Model) 200md
Effective Stress (I1Jk 500 psi x 8,000 psi x 10,000

5.2.3Gridding, Fractures and Well Properties

The reservoir model was set with natural fractimggassigning a fracture spacing and a
fracture permeability for each cell. A small vahferacture permeability (0.1 md) was assumed
in order to let the flow to be controlled by theated hydraulic fracture using the Barton-Bandis

model. The gridding, fracture and well propertiesadare shown in Table 5.4 and a 3D
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illustration of the model is presented in Figur®. J=igure 4.2 shows the placement of a single

2,000-ft horizontal well in the middle layer.

Table 5.4 also shows the surface injection ratetiamel that was used to create the
hydraulic fracture for each stage. The six fractumeated in the middle layer are shown in
Figure 5.4. These fractures were created with 88pdcing between the initiation cells. Given
the geomechanical assumptions and the injectienarad time, transvers fractures were created

covering the seven layers and reaching 200 ft dveany the well.

Table 5.4: Gridding, fractures and well properfmsthe simulation model
Gridding 68 x37x7
Grid Sizes 50ft x 50 ft x 10ft
Fracture Spacing (1JK) 25ft x 25ft x 10ft
Fracture Permeability (IJK) 0.1md
Maximum production liquid rate 2,400 bbl
Minimum bottom hole pressure 500 psi
Injection Time a Single Hydraulic Fracture 0.0Qi&y
Injection Surface Rate (Hydraulic Fracture) 20,000
Top Depth 5000 ft
Reference Depth (for pressure) 5035 ft
Oil Water Contact 5070 ft
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Figure 5.3: A diagram of the 3D model showing aizantal well in the middle layer.

Figure 5.4: A horizontal slice of the middle of tleservoir showing the fracture permeability of
the created hydraulic fractures.
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5.3 Sensitivity Runs

Before using the simulation model to optimize tlegalopment strategies for
conventional tight-oil formations, the results lbé tsensitivity runs are presented in this section.

These runs focused on the size of created fractlresned from the stimulation model.

5.3.1Fluid Leakoff

The leakoff of the fracturing fluid to the matriréthe nearby fractures is an essential
consideration for the design of any fracturing johe leakoff affects the size of the created
fracture. In modeling the hydraulic fractures using Barton-Bandis model, the matrix
permeability, fracture permeability and fracturadpg are the key parameters. For a fixed
injection rate and time, changing one of theserpatars changes the size of the fracture

predicted by the simulation model.

Figure 5.5 shows the sensitivity of fracture szenatrix and fracture permeability and
fracture spacing compared to the base case. Tleechas has a matrix permeability of 1 md, a
fracture permeability of 0.1 md and a fracture spg@alue of 25 ft. Decreasing the matrix
permeability leads to a lower leakoff and creat&snger fracture. On the other hand, decreasing
the fracture spacing, which means having a higkistieg fracture density, creates an easier
path for the injected fluid to leak away from treanwellbore area and will not results in the
creation of the desired fracture size. Similanhgreasing the existing fractures permeability will
create a smaller hydraulic fracture due to the ézelyoff of the fracturing fluid through the

existing fractures permeability.
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The purpose of this illustration is to show theeetfof permeability and fracture spacing.
Comparison of different development plans shoute iato consideration the differences in
permeability and fracture spacing. It is worth ngtthat what presented here in the leakoff
discussion is conceptual. That because leakoffidatapendent on the type of the fluid used in

the fracturing which is not part of the Barton-Banwohodel as explained earlier.

Figure 5.5: Fracture propagation sensitivity tonmgiermeability, fracture permeability and
fracture spacing.

5.3.2Stimulation Modeling

Factors like proppant size, proppant and fractuflmg type, surface injection rate and
injection time affect the size of the created fuaet In this research, only the variations of the

last two of these factors are considered. If thection rate is fixed, increasing the injection éim
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results in a longer fracture. This result is ilhastd in Figure 5.6. Because longer injection time
at a fixed rate increases the cost, the optiminditween the cost and the benefit is an

important consideration in any development plan.

Another factor for the fracture creation is the imiam effective stress. Increasing the
value of the effective stress makes it harderHerftacture to propagate and results in a smaller
fracture (Figure 5.6). For consistency in the huticafracturing job, the initial effective stress
values were kept constant. Since the model is eduplith geomechanics, the effective stress
changes with production and affects the propedigke created fracture. If the stress state is
stable, injection is expected to create a fairlyststent fracture permeability across all the layer

as show in Figure 5.7.

Figure 5.6: Fracture propagation sensitivity t@atjon time and effective stress.
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Figure 5.7: Top, middle and bottom layers of theebease showing the fracture permeability.
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CHAPTER 6SIMULATION RESULTS AND DISCUSSION

In this chapter, different cases and developmestiatos for conventional tight-oil
formations are illustrated. This is done by usimg $simulation model described in the previous

chapter. A detailed discussion of the simulaticgults is also presented in this chapter.

6.1 Simulation Results

In order to capture the factors affecting the sssad the development strategies for
conventional tight-oil formations, three reserdaiyouts, which are typical of these formations,
are considered. In the first layout, different dimitions and number of fracture corridors are
examined. The second layout is used to evaluafereift well count and placement conditions
for a fixed distribution of fracture corridors. Rity, the third layout introduces a nearby aquifer

and examines its effect on recovery.

6.1.1Fracture Corridors

The existence of highly conductive fracture corrgdim conventional tight-oil formations
is a noticeable characteristic of these typeslaksopurces. These corridors have a great impact
on the drainage areas of the wells and affect timeber of the wells to be considered in the

development plan.

To study the effect of the fracture corridors, siraulation model described in the
previous chapter was used with different numbdraafture corridors. Figure 6.1 shows three,
2,000-ft horizontal wells (with 300-ft well spacingnd considers three layouts with no, one, and
three (with 650 ft spacing) fracture corridors.rAdture permeability of 1,000 md was assigned

to these corridors in the y- and z-directions. Tigere also shows the permeability of the
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hydraulic fractures along the wells. Each of the¢hmodel layouts was run with two different
well counts: one single well in the middle and éweells. This is a total of six simulation cases.
Three of these cases are illustrated in FigureThé.other three are the same but have one well

instead of the three wells. The model was run @ydars.

The cumulative oil production is illustrated in Erg 6.2 for all six cases. It is clear from
the graph that, as the number of fracture corridenseased, the gain from the additional wells
diminished. For example, in the case with no frecttorridors, adding two extra wells almost
doubled the oil recovery after 10 years. Howewartlie case with three fracture corridors,
adding other wells only increase the recovery yualh0%. This indicates that the drainage area
of the single well is much larger in case of thssnce of multiple high conductivity fracture

corridors. Drilling fewer wells reduces the capitabkt in any development plan.

Figure 6.1: Top views of the last four of the siatidn layers showing the permeability of the
fracture corridors.
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Figure 6.2: Cumulative oil production of the reserimodel with different fracture corridors
numbers.

Not all fracture corridors might have the same iotjman the wells’ performance when it
comes to their spacing. To see the impact of @hedre-corridor spacing, the model was run this
time with two cases of double fracture corridorseTirst case with two corridors spaced 300 ft
apart and the second case with two corridors spac@d apart (at the boundary of the three
wells). Figure 6.3 illustrates the oil saturatidteaone year of production. The cumulative
production of the two cases is shown in Figure Bht oil recoveries of the cases with double
fracture corridors were similar for the first coef years. However, after that, Figure 6.4
indicates better noticeable recovery for the cadle larger fracture-corridor spacing. This
emphasizes the need to consider the spacing &fattere corridors when planning the number

of wells for a development plan.
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Figure 6.3: Top views of the last four layers af gimulation model showing the matrix oil
saturation (after one year) of two-fracture corrgdcases.

Figure 6.4: Cumulative oil production of the twadture corridors cases.
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6.1.2Well Count and Placement

To study the impact of well count and placementhier runs were performed using the
case with three fracture corridors (illustratedieain Figure 6.1). Different well counts were
considered: one well, three wells and five welldw800 ft spacing in between. The cumulative
oil production of these cases is illustrated inufeg6.5. Increasing the number of wells increased
the recovery because a larger area of the resexmasiicontact by the increased number of
hydraulic fractures. However, only an increaselufid 9% was achieved from 1-well to 3-well
case by the end of 10-year production period. Ese evith five wells increased the oil recovery
by approximately 15% at the end of year 10 whenpamed to the 1-well case. These additions
may or may not be significant depending on the enoa analysis. An important observation is
that most of the additional production occurs ia filnst two to three years. This is expected as a
result of the early transient flow period in thadiure system. When the fracture network is

depleted, the slow response of the matrix leadsdecline in the production rates.

When dealing with high conductivity fracture coord, not only the well count but also
the spacing of the wells matter. As illustratediesrthe fracture corridors will increase the
drainage area of a single well. To see the impiitteowell spacing, the 3-well case was run
again with 600 ft spacing instead of 300 ft. Thenalative oil production of this case is also
shown in Figure 6.5. The 3-well case with 600 #@&pg almost reached the performance of the
5-well case. This shows how placing the wells m dptimum spacing setup might achieve

similar performance with 40% less capital investtmen

Moreover, the position of the wells relative to trecture corridors affect the oil

recovery also. To demonstrate this effect, the B-wedel was reconsidered with a smarter
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completion design. The middle well was not hydrally fractured and was open to the three
fracture corridors. On the other hand, the two sviellthe flanks were fractured, but isolated
from the fracture corridors. Figure 6.6 shows theaturation for this case after one year of
production. The oil recovery profile over 10 yemrslso illustrated in Figure 6.5. The recovery
after 10 years from the smarter completion caserg close to the 3-well case (less by 3%
recovery difference). This result demonstrates bptimizing well plans by crossing different
fracture corridors and varying the hydraulic fractg schemes might achieve similar recovery

with less investment.

Figure 6.5: Cumulative oil production different Wwebunt in 3-fracture corridors case.
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Figure 6.6: A top view of the last four layers shogvthe matrix oil saturation (after one year) of
the case with fractured wells in the flanks andactiired well in the middle.

6.1.3Aquifer Encroachment

One challenge associated with high conductivitgtfree corridors is the possibility of
these fractures being connected to a nearby aqiiiies brings the risk of early encroachment of
the aquifer water into the oil zone through thetinee corridors. To simulate this scenario, an
aquifer, with the same size and rock propertiethefoil reservoir at the top, was added to the
bottom of the simulation model with three fractaceridors. The initial stress was set to 10,000
psi in all directions in the aquifer to prevent thalraulic fractures to grow into the aquifer. The
existing fracture corridors was extended into tteif@r. The model was run with three wells and
with 300-ft spacing. Figure 6.7 shows a 3D viewwimg the water encroachment into the oll

reservoir through the fractures.
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The cumulative oil productions of the same casé waitd without aquifer are compared
in Figure 6.8. The existence of the aquifer hagléiad the recovery from this reservoir by about
30%. This is a result of the high watercut, whitdrted with an average of 50% in the first two

years and then increased above 60%.

Another scenario was considered to test the effieshutting-off the water encroachment
from the aquifer by sealing the fracture corridafter one year. This would be expected to allow
the well to benefit from the oil production throutjte fracture corridors for one year before
shutting them down to avoid the increased watefdut. cumulative production profile of this
case is illustrated in Figure 6.8. A significantEase of oil recovery was realized by this

scenario even though the volume of water producasineduced (Figure 6.9).

Based on the above results, an additional scemasorun by alternating the water shut-
off every six months using some kind of a smart gletion that can be adjusted periodically.
This scenario was able to achieve similar and slightly better oil recovery with lower
produced water volume (Figure 6.8 and Figure @.Bis cyclic oil production scheme helped to
delay the water encroachment from the aquifer wiréglucing the same amount of oil. Having
the economic and operational justification of tteheme is an interesting option for the

development of conventional tight-oil formation e nearby aquifer.
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Figure 6.7: A middle slice of the model showing teter saturation in the fracture medium
(after six months) showing the water encroachmmmh fthe aquifer.

Figure 6.8: Cumulative oil production of cases vétid without aquifer.
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Figure 6.9: Cumulative water production of differaquifer cases.

Yet another option was studied to control the eachonent of the aquifer. In this
scenario, additional wells were drilled just belth& oil-water-contact in order to dewater the
top wells. These wells can be called “sump wellshamed by Freeman et al. (2020). Figure
6.10 shows a 3D illustration of these sump weliedt parallel to the three producers and open
to the fracture corridors. The oil recovery profibe this case is similar to the case with no sump
wells as shown in Figure 6.11. Thus, drilling suwglls does not seem to improve the oil
recovery. The only benefit from this case is tauadwater produced from an individual well as
shown in Figure 6.12. However, more water will lbeduced overall from the six wells (3
producers and 3 sump wells) with no additionat@dlovery. This shows that the sump wells are

not a useful water management tool for the padiccdse investigated here.
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Figure 6.10: A 3D view of the model showing theguoers and the three sump wells.

Figure 6.11: Cumulative oil production of case watid without sump wells.
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Figure 6.12: Oil and water cumulative productiontfee middle wells for the cases with and
without sump wells.

6.1.4Depletion and Stress Change

As the original reservoir pressure is depleted wittduction, this pressure change causes
a stress reorientation in the reservoir. Since daylitr fracturing depends on the stress state in the
reservoir, the stress evolution with depletion seedbe considered in early stages of the
development plan of any tight reservoir (Guptale2@12; Roussel et al. 2013; Safari et al.

2017; Guo et al. 2018).

For the geomechanical model considered in thisarebethe effective stress in the
reservoir will increase with the decrease of theegmressure (this is explained in Chapter 5).
This stress increase will make it harder to fraztmore wells after depletion. To demonstrate
this effect, the 3-Well case was used. In the begm only the middle well was drilled. Figure

6.13 shows the minimum stress distribution in #eervoir after 3- and 6-month production
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from the middle well. The increase of the stresshenmiddle layer will make it harder to

fracture new wells.

Figure 6.13: A cross section of the middle layesvging the minimum stress distribution.

Three scenarios were considered for the drillifgedale of the three wells: One scenario
assumed drilling all wells at the same time. THebtwo scenarios assumed that the two flank
wells were drilled 3 and 6 months after the stpgroduction in the middle well. For all three
scenarios, the same injection times were usedyidrdulic fracturing. The created fracture
permeabilities in the middle layer are illustrabedrigure 6.14 for the 3 cases. The stimulated
area from the two additional wells became smalign depletion. This will result in lower
recovery, especially in the first few years, aswai@ Figure 6.15.

These results illustrated the importance of hag@mgmprehensive consideration of the
stress state in the reservoir when designing aldewent plan for conventional tight-oil
formations. Going forward with an intermittent ptandevelop these formations might not
produce the optimum outcome. Understanding thestsehavior should lead to more effective

fracturing and producing strategy.
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Figure 6.14: Fracture permeability in the middigelafor the development cases.

Figure 6.15: Cumulative oil production profiles fdifferent depletion cases.
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6.1.5Compaction and Fluid Segregation

High rock compressibility and fluid segregation axpected to play and important role
in the production, hence the development planspofentional tight-oil formations (Elrafie et
al. 2015; Vassilellis et al. 2015). The high conggibility is due to the existence of natural
fractures, which can increase the initial resereompressibility (in the range of 1 x $@si?)

20 to 40 folds. Fluid segregation is a result ef siccumulation of gas released from oil at the top
layers near the fracture corridors.

In this section, these two phenomena are investigasing the numerical model. The 5-
well model was run with three different rock congsibility values: 1 x 18 psit, 20 x 1 psi?
and 40x 16 psi'. The cumulative oil production results are illaséd in Figure 6.16. The
increase in rock compressibility results in highkimate recovery due to rock compaction. In
real field applications, measuring the rock comgitibty for a section of the reservoir is not
possible. However, it is useful to note this oba@on about the rock compressibility in tight
naturally fracture reservoirs which could be anamant history matching parameter to consider.

To see the fluid segregation phenomenon, a gasasiatudistribution was obtained from
the 3-Well case after one year of production (Feghil7). The figure shows how the gas starts
accumulating in the areas with high fracture peimigi@s. This will create pockets of gas
accumulation at the top of the reservoir, which maybe continuous laterally. This observation
indicates the importance of avoiding locations veh&ells may intersect the fractures at the top

of the reservoir.
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Figure 6.16: Cumulative oil production profiles fdifferent rock compressibility case.

Figure 6.17: Gas saturation after one year of prbdn for the 3-Well case.
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6.1.61Initial Pressure

In this section and the two following sections, seasitivities of initial reservoir
pressure, oil viscosity and connate water saturare evaluated. This helps to understand how
the assumptions used for these properties aretiaffeibe oil recovery results. Also, it highlights
some of the differences between conventional toghfiermations and unconventional tight-oil
formations. The case with the three wells and 3@pdcing (shown Figure 5.5) was chosen as a

reference case to evaluate the sensitivities.

To investigate the effect of initial pressure, tlase with the three wells and 300 ft
spacing (shown in Figure 5.5) was chosen. Initiabpure determines the initial energy that is
available in the reservoir and that plays a sigaiit role in the primary recovery of any
reservoir. In tight reservoirs in particular, tmgial pressure affects how much oil can be
extracted in the first few weeks and months ofvtled life before hitting the sharp decline that
caused by the low permeability nature. One of theeass factors for unconventional tight-oil
formations is the extra high initial pressure ttity possess. This is due to maturation process
the converts the kerogen into oil and with not egfopermeability paths for the oil to escape.
Thus, the oil remains trapped under high pressiniehamakes these reservoirs described as
over-pressurized. This is not the case in conveatibght-oil formations which are expected to

have a normal pressure.

In the reference simulation case, the pressured003psi was used as a reference initial
reservoir pressure at the middle depth of the veseThe model was run with 5,000 psi initial
pressure to simulate a high-pressure case andlyé@i® psi initial pressure to simulate a low-

pressure case. The 5,000 psi was selected afhi@& maximum pressure in the PVT table that is
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used and the 1,500 psi was selected to be justabevwubble point pressure. The results of
these cases are illustrated in Figure 6.18. Thie-pigssure case resulted in an extra 7% increase
in oil recovery by the end of 10 years in comparismthe reference case while the low-pressure
decreased the recovery by approximately 5%. dikgiar that the initial pressure plays an
important role in increasing the recovery specilyca the first few months of the field life as
shown in Figure 6.19. This makes the determinatifaihe initial pressure a significant variable

in the development planning stage as that willcffee expected oil rate before the sharp

decline.

One of the characteristics of unconventional tigihformations in the US is their high
pressure which makes them described as over-prasguitial pressure in the range of 8,000
psi for these formations contributes to the higthyeail rate expected from these formations. To
see how that level of initial pressure will afféloé recovery, additional case was run with 8,000
psi (and extrapolating the PVT data to that presdme cumulative oil production profile and
the oil rate are shown in Figure 6.18 and Figul® @espectively. The figures shows that the
extra high initial pressure significantly incredbe oil rate at the early life of the field and
eventually contributed to an increase of recoveryhie end of the 10-year period. This result
highlights the disadvantage that conventional tmhformation has compared to the over-
pressurized unconventional tight-oil resources wiheames to early production rates. Thus, a
caution is warranted when forecasting the expeiciéidl rates from conventional tight-oil

formations.
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Figure 6.18: Cumulative oil production for diffetanitial pressure cases.

Figure 6.19: Oil production rate for different iaitpressure cases.
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6.1.7Viscosity

As explained earlier in this research, conventioigdit-oil formations have higher
permeability in comparison to unconventional tigiitresources. However, factors like higher

viscosity and lower GOR might reduce the effedhatt higher permeability on production.

As explained in Chapter 5, the reservoir oil visgowas set to 3 cp at the reference
reservoir pressure and overwriting the viscosityaggated by PVT correlation. In this section, the
viscosity was set to a higher value of 10 cp taesent a heavier oil. Figure 6.20 shows the
comparison between the two viscosity cases. Theehigiscosity case resulted in a lower oil
recovery but with only a slight difference. Addnia case was run with a low reservoir pressure
that showed even lower recovery. These resultdiglgtthe role that the initial energy of the
reservoir plays in determining the expected recpwis in the development of any resource, the
key is to get a good estimation for these propertieorder to draw a realistic forecast for the

reservoir performance.

6.1.8Water Saturation

Unconventional tight-oil formations are understaodhave a high value of connate water
saturation as expected in source rocks. Howevegrmwentional tight-oil formations, it is
understood to be lower similar to conventional resies. However, since conventional tight-oil
formation has low permeability and smaller pore#ts, some pores will be filled with its
original water and will not be occupied by the natgd oil. Thus, it is not unreasonable to expect

higher connate water in conventional tight-oil fatmons.
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Figure 6.20: Effect of reservoir oil viscosity onnsulative oil production profile.

Since the blackoil model used in this analysis $ake connate water saturation from the
relative permeability data, the sensitivity is penfied in these data. In order to see the effect of
the high connate water saturation, its value inréhative permeability data will be changed. This
will result in a different original oil in place.dwvever, for the purpose of this analysis, it wél b
useful enough to see the effect of the movablewktgure 6.21 shows the new relative
permeability curves that are generated by changintipe connate water saturation value in
comparison to the reference case. The recoveryiggdfom both connate water saturation cases
are illustrated in Figure 6.22. The two recoveryfipes started identical in the first few months.
However, after the oil saturation started to desgethe recovery changed and resulted in much
lower recovery after 10 years (about 12% lowerkesehresults highlight how significant relative

permeability end points can be on the cumulatigevery. This requires an attention to
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determining the right relative permeability curtegerform a better reservoir development

forecast.

Figure 6.21: New relative permeability curves imgarison with the original curves after
chancing the connate water saturation.

Figure 6.22: Effect of connate water saturatiorcomulative oil production profile.
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Additional simulation runs were performed usingeavirelative permeability curves with
10% connate water saturation. Two cases were sietilane with 10% initial water saturation
and one with 30% water saturation. The purpose isdteshow the effect of having a 20%
movable water at the beginning of the developmEm resulted cumulative oil production
profiles from the two cases are illustrated in F&g6.23. A huge reduction in recovery was
realized with the 30% initial water saturation (abhhalf of the cumulative production after 10
years). This is due to the high water cut whiclyetieon average around 52%. This result

highlights the importance of estimating the initivable water saturation.

Figure 6.23: Cumulative water saturation of twdiahisaturation cases with 10% connate water
saturation condition.

6.2 Discussion of Simulation Results

The success of the development of the unconventigi-oil formations in the US

depended heavily on optimizing the number of wetlded in any formation. To be specific, the
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goal for the development of these formations is1&ximize the reservoir area that is contacted
by the created fracture network. That is why coteége zipper fractures was considered. On
the other hand, fracture shadowing and overlapgragage areas have been noted as the result
of poor design. Also, recently, the mechanicalretgons of wells through frac hits (the parent
and child well interference) have been raised éottip of the development design
considerations. Thus, optimization of the drilliplgns involves reducing the number of wells
drilled for economic reason. At same time, thisrapation should not leave any recoverable oil

behind.

What makes conventional tight-oil formations diéfet is the existence of natural
fractures especially in the form of high condudivdorridors. These corridors will play an
essential role both in the drainage areas andenegrce of the wells. As shown by the examples
presented in this chapter, different placementomstiof wells with respect to the fracture
corridors should be carefully examined in developtseenarios. As the number of these
corridors increase, the gain from drilling a largember of wells diminishes. The absolute
permeability of these fracture corridors might n@ttter much, since they are very high
compared to the matrix (1,000 md fracture perméglwase showed similar performance to a
10,000 md case). Also, there is no concern of disgian of the permeability of these corridors
as they are not created by artificial means and sgaction. The challenge when dealing with
these fracture corridors is how to characterizenthed evaluate their extent. This could involve
a pre-development work like seismic studies antiti@& characterization during drilling and

production phases.

The simulation results also showed the effect efrtmber and placement of wells on

maximizing the recovery from conventional tight-fmtmation with a known fracture-corridor
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distribution. Good recovery could be achieved bypgisvider spacing which agrees with the
guidance suggested by Freeman et al. (2020). Aoritaupt conclusion from the simulations was
the effectiveness of smarter well placements. kample, a configuration where some wells are
only dedicated to produce from the fracture comsdand others around them to primarily
produce from the tight matrix is an option. Thigiop requires the use of special completion
ideas to isolate the flow from certain sectiona @fellbore and divert the flow to other sections.

This kind of optimization could reduce the capitalestment cost of the development plan.

The last set of results of the simulation studguksed in this chapter involve the water
encroachment from a nearby aquifer. Having higtdoaetivity corridors extending into the
aquifer rock causes severe water encroachmentgmsiih conventional tight-oil reservoirs.
Traditionally, in conventional high permeabilitysexvoirs, high permeability pathways could be
isolated at the wellbore level to trigger more prottbn from the matrix medium. However, in
the case of tight reservoirs, these fracture corsiéire important flow paths for oil production
and blocking them to prevent water encroachmentldeeterious effect on overall
productivity. This impact, for example, could betigated by opening the fracture corridors to
flow in a cyclic pattern and reduce the speed efWilater movement toward the oil reservoir.
However, water encroachment appears to be theimpsttant and difficult problem in the

development of conventional tight-oil reservoirs.

One final note to discuss about the fracture corgds the need to open them
hydraulically. Freeman et al. (2020) suggestedttieede kinds of corridors are detected by
noticing a low breakdown pressure during a hydcafudicturing process. This emphasizes the
challenge of characterizing these corridors. Sofrikese corridors might require additional cost

to open them to the wellbore and some could bettjyrepen. This complicates the operational
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aspect of the development plan and could impacpldre itself if more fracture corridors were

detected that are not previously anticipated.

Sensitivity analysis of initial pressure and ogaosity showed how the production of
conventional tight-oil formation can be overestigthby using a higher initial pressure and
lower viscosity. It is important to pay attentianthe estimation of these values especially the
initial pressure which determine the period of hegfective production rate at the earlier times

of the field life.

Water saturation sensitivity study showed how ttex@ation of the initial water
saturation could significantly change the expegiediuction volume from conventional tight-oil
formation. Having a large volume of movable watdl gause a competition for both oil and

water to flow into the fracture which will redudegetultimate oil recovery.
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CHAPTER 7TECONOMIC ANALYSIS

The success potential of any underdeveloped ressualepends on the economic
viability. In this chapter, the economic aspectsafiventional tight-oil formation is discussed.
Also, some economic analysis results based onitindation results from the previous chapter

are illustrated.

7.1 Tight-Oil Economics

The US tight oil revolution (unconventional tight)avas made possible by a period of
high oil prices (between 2009 and 2014) that mosidanvestors to pursue the lucrative
opportunities in the oil and gas industry. Everafhe fall of the oil prices in 2014, tight-oil
production in the US continued to increase, buddmartly on the success that was achieved, but

fundamentally by cutting the development cost thioincreased efficiency.

There are three important characteristics of tmjhtermations that make their economic
analysis different from conventional on-shore resis: higher initial capital cost (horizontal
wells and stimulation cost), high early productrates, and sharp production decline in the first
few years. The long production plateau the arecglpn conventional reservoir is not applicable
for the economic analysis of tight formations. orital wells and stimulation are vital, even in
the case of conventional tight-oil formations &ssirated in the previous chapter. The negative
effect of high drilling and stimulation cost on j@ct economics must be alleviated by the high
initial production rates, which, by a sharp declieads to a long but low production period,

ending, eventually, in the physical depletion betiav

84



From economic point of view, it is better to attigpil formations as portfolio
management and resources allocation problem. Dtieetohigher development cost and sharp
production decline, they cannot be handled as atioreal high permeability formations with a
long plateau of production period. Based on thestigers’ goals, the economic picture could be
completely different. For example, a private comphaving a development deadline on a lease
operate under different economic constraints thaat@nal oil company (NOC), for example in
the Middle East, which owns or operates the assdehs of years. The NOC might have some
flexibility and other alternatives for the optimuteployment of its resources among different

assets in their portfolio. Oil-price forecast maki@s analysis very complicated.

7.2 Economic Parameters

The first main parameter that affects any develaogrpi&n is the oil price, but it is also
the most difficult to predict. In this researchthba flat oil price and a cyclic price behavior (Mu
and Ye 2015; Zellou and Cuddington 2012) were asslumhhe flat rate-scenario assumed $55
per barrel and the cyclic-rate scenario considéuetiuation between $30 and $80 per barrel for

the 10-year period of a development plan. The tbileprice models are shown in Figure 7.1.

The second main parameter is the drilling and cetigal cost. It is very hard to use an
average number for this cost as it varies dramigtibased on the location and other factors. For
example, a report by EIA (2016) showed that thaltetlls costs varied between $4.9 and $8.3
million, which includes a completion cost range$gf9 - $5.6 million. The same report
illustrated graphs of the average drilling and ctatipn costs for the major tight oil regions in
the U.S. per drilled foot (Figure 7.2). No cleaamnd can be concluded from these graphs.

However, there is a visible decrease in the dgllmd completion costs after the fall in oil prices
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in 2014. Usually, fall in rig count follows the Fah oil prices. From a supply and demand point
of view, it is reasonable to assume the drilling aompletion cost move in accordance to oil
price. It is important to note that an increasefficiency could move the costs in the opposite
direction (which was more likely the case after20However, in this research, a relation

between drilling and completion cost and the aditgis assumed.

Figure 7.1: Oil prices cycles assumption.
Table 7.1shows the assumptions that were usetiédagdonomic analysis in this section.
The capital cost was assumed to be spent in yearanel using year 1 oil prices. It is important
to note that drilling and completion cost were lirdted to the well lengths. (Because the well
length and fracture size were not studied in dedaith this work, it was appropriate to use and

average cost assumption in the analyses.)

86



Figure 7.2: Average drilling and completion cost well the main tight oil regions in the US

(EIA 2016).
Table 7.1: Assumptions for the economic analysis
Drilling Cost, $ pewell (at oil price of $30/bb 4,000,00(
Drilling Cost, $ pewell (at oil price 0i$55/bbl 5,000,00(
Drilling Cost, $ pewell (at oil price of $80/bb 6,000,00(

Completion Cost, $ per stage (at oil price of $80 200,000
Completion Cost, $ per stage (at oil price of $65 300,000
Completion Cost, $ per stage oil price of $80/bbl 400,000

Oil production operating cost, $ per 10.0¢
Water production cost, $ per | 1.0C
Discount cost (for NP\ 10%

7.3 Economic Results and Discussion

In this section, the economic results are discuf®edvo considerations: effect of well

count and placement and existence of an aquifer.

7.3.1Well Count and Placement Cases

The analysis in this section is based on the sitimulauns illustrated in Chapter 6, Figure
6.5. The graph contains five cases, however, anly éases were studied here. The case with
three wells and 300-ft spacing was removed becausk follow the same trend as the 1-Well
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and 5-Well cases. The cases description and theircaated well numbers and fracture stages are
shown in Table 7.2. The analysis was carried byntathe cumulative oil production after every
360 days and used that to represent a full yeavezyg. A single oil price is used for every year.

Cumulative productions and oil prices used in thalysis are included in Appendix B.

Table 7.2: Description of well count and placemsades

Case Descriptio Number of Well. | Number of Stage
1 Well 1 3

3 Wells (300 ft spacinanc less fracture: 3 6

3 Wells (600 ft spacin 3 9

5 Wells (300 ft spacin 5 15

The net present value (NPV) for all four cases veateulated using five different
starting oil prices at year one: starting flat @b $starting at the peak of the small cycle ($80),
starting at the peak of the large cycle ($80) tistguat the trough of the small cycle ($30) and
starting at the trough of the large cycle ($30)e fthe oil prices follow the price models
illustrated earlier in Figure 7.1. The 10-Year NBM 3-Year NPV are show in Figure 7.3 and
Figure 7.4 respectively. The purpose of showingNR& at 10 and 3 years is to show how long

and short type development goals could vary.

The cases are sorted in the order of increasingatapst (wells and fracture stages). The
10-Year NPV bars are trending downward at thegitate start. The best NPV value can be
realized by starting at the peak of the large c{®89). This is because the highest revenue is
realized in the first few months of the developme&rgn with the highest drilling and completion
costs. The same price model also gave the besaBNRV which is expected due to the rapid
decline rate. Thus, most of the revenue is coltetteghe first few years. The single well case

and the 3-well case with wider spacing showed simmgsult and they had higher NPVs than the

88



5-well case. This confirms that additional welldlwbt increase the NPV in high price

environment and less wells can achieve better NPV.

Starting at the trough of the prices cycle resuitetthe worst NPVs for the 5-well case.
This emphasizes the importance of drawdown managieamel not to over produce a formation

with excessive well count at a low oil price envinoent.

In general, the 10-year NPV and 3-year NPV barsveldosimilar behavior. The only
major difference is with the 5-well cases whentstgrthe development at the trough of the two
price cycles. That is because there was not enagimue to recovery the expensive cost of

drilling and completing five wells.

Figure 7.3: 10-Year NPV for the well count and plaent cases.

Figure 7.4: 3-Year NPV for the well count and plaeat cases.
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7.3.2Aquifer Cases

The same oil-price models in Section 7.3.1 werel nsge to investigate the economics
of the production in the presence of an aquifers Thbased on the oil production results
illustrated earlier in Chapter 6, Figure 6.8 (as@\ydata are also included in Appendix B). The

NPVs for 10 and 3 years are illustrated in Figuteahd Figure 7.6, respectively.

For the 10-year NPV cases, the cases with contsiyaypen flow performed better when
starting the development at the peak of a pricéecyihat because the best revenue is realized at
the beginning of the field life with the highest @te even with the existence of the cost of
handling the water. On the other hand, the cadeayitlic production performed better when
starting at the trough of a price cycle. That beeate oil revenue is distributed though out the
field life and the NPV benefited for producing tielater at higher prices. The flat price rate
showed similar result between the two cases. Tloellmicase, which involves shutting the
fracture corridors after one year, performed thesivim all price model cases. That because this
shut-in will not eliminate the water only, but itlhsignificantly reduce the oil production from

these fracture corridors.

The 3-year NPV showed a similar behavior to they@é@ NPV bars. However, when
starting at the trough of the oil price cycles, HieVs were very small (and even negative). That
because there was not enough time to realize thereel revenue from oil production while

producing at high watercut.
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Figure 7.5: 10-Year NPV for the aquifer cases.

Figure 7.6: 3-Year NPV for the aquifer cases.

7.3.3Parameters Sensitivity

Since any economic analysis includes assumptioesaiomic parameters, it is useful to
test the sensitivity of the economic analysis esthparameters. In this section, the tornado chart
approach is used for the sensitivity study.

In the tornado chart approach, each critical patams changed by a certain percentage.
Then, the resulted outcome is assessed in compdadbe base case. Five parameters were
used in this analysis: oil price, interest rategraping cost, drilling cost and completion cost.
Each parameter was increased by 20% and decrep&&dbwhile keeping all other parameters
constant. This sensitivity analysis was performedh® best price model case which is the case

that starts at the peak of a large oil price cyeld developed with three wells (with 600 ft
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spacing). The 10-year and 3-year NPVs were obtdmecdeate the tornado charts illustrated in
Figure 7.7 and Figure 7.8.

Figure 7.7 and Figure 7.8 show that the oil pricthe most sensitive parameter, which
swings the NPV by over 30% for both the 10-year N#?M the 3-year NPV. The drilling cost is
the second most sensitive parameter with not miftdrehce in sensitivity compared to the
operating cost and the interest rate. Althoughrésterate and operating cost showed almost
similar sensitivity, the interest rate becomes mmgortant at a longer time period (10 years).
This is one of the parameters that need to be tmiteraccount for a long-term development.

It is important to note that sensitivity of thessegmeters was tested with linear changes
in the assumptions (20% in each side as explaiadig. However, in reality, producer
companies might not respond to changes of thesemders in the same way. For example,
when it comes to operating cost, one company coae a better tolerance for the changing in
the operating cost if it is internal within the cpamy’s control. One the other hand, companies
that relies on outside contractors might have nise@nt operational and development decision

if the operating cost changed.
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Figure 7.7: The tornado chart of the economic patars affecting the 10-year NPV.

Figure 7.8: The tornado chart of the economic patars affecting the 3-year NPV.

7.4 Physical Reservoir Parameters

Testing the sensitivity of economic parametersotseamough to evaluate the risk of any
oil development project. Any reservoir simulationahel requires input of several physical

reservoir parameters. The control on these parasisteot always high. For example, having an
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oil viscosity value from a fluid sample from a diegvell is good. However, a better handle of
the viscosity value can be achieved if it is okedifrom different fluid samples from different
wells. Therefore, it is helpful to perform some s@xity analysis runs to test the effect of

different reservoir parameters.

For this section, the parameters that was discuas€tapter 6 and presented in sections
6.1.6, 6.1.7 and6.1.8 are evaluated from an ecanpoint of view. The NPV was calculated for
different parameters and compared to the referease which is considered as the base NPV.
The results of the 10-year NPV and 3-year NPV cbharage illustrated in Figure 7.9 and Figure

7.10 respectively.

The 10-year NPVs and 3-year NPVs showed fairly Isiniehavior. The most significant
decrease in the NPV was realized when large anafunbvable water was existing in the
reservoir. As was shown earlier in Chapter 6, tlwable water will significantly decrease the
oil recovery from the reservoir and eventually widicrease the NPV. Moving the initial pressure
from low, high and over-pressurized formation imsed the NPV steadily. This is an important
observation as tight-oil development in the U.Sdted clearly from developing formations

that are considered having extra high initial puess

This analysis helps to highlight how these paramsetéfect the NPV outcome greatly. A
recommended exercise for the development of cormalttight-oil formations is to identify the
most sensitivity parameter and create cutoffsahatelpful during the planning stage. For
example, a formation might be economical with theent economical parameters if the

viscosity falls in the range of a certain valueishill lead to evaluating the economic
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justification of going into the trouble of gettimgnew oil sample from a new exploration well

just to confirm that parameter.

Figure 7.9: 10-NPV sensitivity for different reseivconditions.

Figure 7.10: 3-NPV sensitivity for different reseimvconditions.
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CHAPTER 8SCREENING, DATA AND STRATEGIES

As investigating the development strategies of eotional tight-oil formations is the

main objective of this research, this chapter mtesia guide based on the findings of the

previous chapters. Table X.1 summarizes the sargamiteria, data needs and the development

strategies for these types for conventional tightesmations. The following sections provide

further details of this summary table.

Table 8.1: A summary of the screening criteriaadsteds and development strategies for

conventional tight oil-formations

Screening Criteria

Permeability Range: 0.01 md to 10 md

Fluid Type: Medium to light crude oil (25 — 35 API)

Pore Size Diameter: 0.1 — 10 micrometers (not mongeters range)
Geologic Structure: Not connected to the sourck od@ petroleum systen
Rock Composition: Carbonate (limestone/wackestone)
Organic Content (Kerogen): No

I

Data Needs

Natural fracture characterization
0 Seismic, core samples, image logs, geomechanicdéisicand
probability models
Hydraulic fracturing data
0 Mechanical properties, mini-frac, fracturing flypddppant data,
fracture design data, micro-seismic
Oil price models
o Definition of peaks and troughs of oil price cycles

Development Strategies

Well Type
o Fractured vertical or horizontal wells
Well Spacing
o Wider well spacing with higher natural fracturesisiéy
Completion Design
0 Smart completions
Water aquifer management
o Cyclic production
Development goal
o Short or long term
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8.1 Screening Criteria

As different oil resources require different deyetent strategies, it is important to
categorize the resource in a portfolio first. listtesearch, a new category of oil resources is
introduced as conventional tight-oil formationsgft-oil labeling has been used broadly to
describe all low-permeability, unconventional days since the U.S. unconventional revolution.
However, the recent understanding and experieneshmavn that the conventional tight-oil
plays possess defining characteristics to diststgthem from the source tight-oil formations,
which require different development consideratidashnologies, and strategies. In this section,

the screening criteria to identify these formatians discussed.

The first group of criteria refers to the “tight“gportion of the naming of these
resources. The main criterion to identify convemictight-oil formations is the permeability.
The conventional tight-oil formations have a permktg range between 0.01 to 10 md, which
make them tight and unconventional. However, teisreability range is still considerably
higher (by orders of magnitude) than that of therse formations targeted in the U.S.
unconventional oil production. This order of magd# permeability difference leads to
fundamental changes in the way flow takes pladbersource and conventional tight-oil plays.
In source rocks, the dominance of nanopore netwamkisdiscontinuous nature of larger pores
makes diffusion the governing mechanism of oil $rgort in the rock matrix, which is extremely
slow and not efficient to supply fluid from matiinto fracture pathways. Because only a thin
surface layer of the matrix supplies oil into ftaet networks, without an extensive fracture
network (large matrix surface), which can be acdashpd by effective hydraulic fracture
stimulation through small hydraulic fracture andlpacing, economic oil production is not

viable from source tight-oil reservoirs. For conttenal tight-oil reservoirs, on the other hand,
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the ranges of permeability are such that the camwead Darcy flow driven by pressure gradient
can prevail as the main transport mechanism aeds@tting the natural fracture system with a
fractured horizontal well (without creating a stileted reservoir volume) can provide economic
production. It is worth noting that the conventibtight-oil formations investigated in this
research are those with medium to light crudeMlatile or heavy oil will require different

development approaches.

Pore size diameter is another screening critefibe.majority of the pore sizes of
conventional tight-oil formations are in the rargfeéd.1 to 10 micrometers. At this range of pore
sizes, some of the unconventional PVT behaviors,tdypore confinement and capillary

pressure effect, observed in unconventional tighfieamations are not of concern.

The “conventional” portion of the naming describdhe geologic structure and organic
content of these reservoirs. These formations ar@ 8ource rock nor are they connected
directly (supported by) a source rock system. Adsthey do not include any organic content
(kerogen). For the majority of the North Americarcanventional tight-oil development, a
major set of screening criteria is related to seuark qualities (maturity, total organic carbon,
etc.). Oil in the conventional tight-oil formatiorssa result of long-distance migration process
and these formations are no longer supported loyiecs-rock system. Moreover, unlike the
unconventional oil accumulations, they need ancéffe seal and they are located in a discrete

reservoir structure like an anticline.

8.2 Data Needs

Like any other resource, the development of congeat tight-oil formations requires

gathering of data to guide the development ando@duncertainties. In this section, the critical
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data needs for the development of conventionat-glresources are explained. These data
needs are not unique to these resources and atieenaly data required. However, what is
illustrated here is the data that has the greatgsict on the development plan. Thus, it is useful

to highlight them here.

The first group of data needed are related to ffaeacterization of natural fractures.
Natural fractures and especially in the form ofthagpnductivity corridors have a great impact of
the success or failure of the development of cotieral tight oil formations. Therefore,
identifying and mapping these fractures is vertiaal. The challenge here is that there is no
available way to exactly map all these fractures @egtermine their conductivity. However, a
combination of seismic data, core sample, boreinsdgie logs and loss circulation during
drilling help to create a perspective of thesettrae Geologists and reservoir engineers can
integrate all this data to create natural fractoegps. Depending on these data and their
precision, different probability of fracture mapgyint be produced. In some cases, for example,
it might be worth drilling additional observatiorelis in a development plan to confirm some of
the fractures that are detected from seismic adietsszilmage logs can be run in these observation
wells that can be located strategically acrossdhgeted formation. This step could come as a

part of the exploration stage of these formaticefete committing to a development plan.

The second group of important data are relategdodulic fracturing. Hydraulic
fractures play an important role in the succegh®fdevelopment of conventional tight-oil
formations. Therefore, it is essential to ensueestificcess of hydraulic fracturing, which requires
collecting data to design hydraulic fractures astih@ate the properties of the created hydraulic
fractures. For example, one way to gather this idabg collecting core samples to conduct lab

measurements to determine mechanical propertiteabck and perform interaction studies
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between fracturing fluids and the rock. In addifistiess and reservoir pressure data, which can

be obtained from mini-frac or any other formatiesting tools, need to be considered.

The third group of data are related to oil prigsshough it is difficult to accurately
predict oil prices, a reasonable forecast is neéale@termine the best timing for the
conventional tight-oil development. Choosing toelep these formations during an oll
downturn might be the best option given a foreocst quick rebound of the oil prices. This
option is feasible in case there is no cost fodimgl off the conventional tight-oil assets as it is

the case for many NOCs.

8.3 Development Strategies

Development strategies of any oil resource depenitsacharacteristics of the resource
and the developer goals. These strategies inclatlaypes, well spacing, completions, aquifer
management, and development goal. This sectioempiethe development strategies for

conventional tight-oil formations.

The first group of strategies deal with the weplég and optimum well spacing (well
count). Developing conventional tight-oil formatgshould mostly require horizontal wells with
hydraulic fractures. In case of shallow reservarsinomics of fractured vertical wells may be
considered. Unlike the tighter well spacing reqdiifer unconventional tight-oil resources,
where not much production is expected from thervesebeyond a fracture stimulated zone
around wells, wider well spacing may be neededturol the adverse effects of high-
conductivity fracture corridors in conventionalhiepil reservoirs as discussed in Chapter 6.
Thus, it is important to optimize the number anchtoon of wells in conventional tight-oil

reservoirs with the guidance of the available ratfractures map. This process, however, is
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complicated by the varying probabilities of naturacture maps. In addition, smart completion
options that allow the isolation of the flow fronffdrent sections around the horizontal wellbore
need to be evaluated. This could guide the flounftbe sections that have low or high natural

fracture density along the wellbore.

The second group of strategies are related to nragagter encroachment from nearby
aquifers, which is a fairly common occurrence fonwentional tight-oil reservoirs. Although
natural fractures are a desirable feature to impmeductivity from tight matrix, the downside
of highly conductive fracture corridors is the gbggy of accelerated water encroachment from
a nearby aquifer into the oil zone. The invasiofraéture corridors by water also hinders the oil
movement in the reservoir and results in poor svegigency. In some case, the advance of
water toward wellbore may be prevented or slowesrdwith smart completions. However, this
may also result in the elimination of the bestpwdducing zones. Another solution is to produce
the well in a cyclic pattern that reduce the watamning toward the well and eventually increase

the production.

The third group of strategies are governed by theelbpment goal of the resource.
Having a short-term goal for the development rezpiattention to the factors like drilling and
operating costs that will have a significant impactthe NPV of the development. However,
long-term development goal shifts the attentionaxithe oil price forecast and how much

uncertainty it includes.

In addition, it is critical to understand the dynarstress environment and the change of
stress state with production. The changes in tlessstate with production can make it

challenging to plan for well locations and infiliiding. Therefore, it is important to build a
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detailed geomechanics-coupled flow model to be @bieake a comprehensive development

plan.
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CHAPTER 9CONCLUSIONS AND RECOMMENDATIONS

In this research a new oil resource category, teaventional tight-oil formation”, is
described. The significant effect of the existiragural fracture corridors on the oil recovery
from conventional tight-oil formations was illusted. In addition, the importance of choosing
the best timing for the development of conventidigit-oil formations as part of a portfolio

management strategy.

This chapters summarizes the findings and conahtgsod this research. It includes the
findings from the literature regarding conventionght-oil formations. In addition, the
conclusions from the numerical simulation and ecoicanalysis are presented. Also,

recommendations for future work related to thisa@ye suggested.

9.1 Conclusions

The conclusions from this research are here surapthm two categories: primary and

secondary. The primary conclusions are:

Conventional tight-oil formations and unconventibtight-oil formations share the fact
that they are both have low permeability. Howettee, two tight oil types differ in terms
of rock properties, storage and geologic strucame flow characteristics.

It is critical to categorized conventional tight-firmations correctly in order to
implement the right approaches for their developmaed not mix them with other tight

oil or conventional high permeability formations.
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Similar to unconventional tight-oil plays, horizahtvells with hydraulic fractures are the
recommended approach for the development of tlessrirce. Fractured vertical wells
could be considered for shallower formations.

The existence of natural fractures, especialljhenform of high conductivity fracture
corridors, is an important challenge for the deggaient of conventional tight-oil
formations. Thus, it is essential to collect exiemslata and run detailed fracture
characterization studies, which add up to the ahpivestment requirements for the
development of these resources.

Numerical simulation runs showed that fracture idons could undermine the benefit of
additional wells in certain reservoir areas. Widetl spacing is more advantageous in
this case.

Smart completions to divert production from undsisie horizontal-well sections could
increase the recovery from the conventional tighteomations while reducing capital
investments.

Fracture corridors could accelerate water encroacthiinom nearby aquifers into the oil
zone. However, they are still vital to the sucagfssonventional tight-oil formations’
development.

High initial water saturation in conventional tighit formations causes high watercut
and considerable hindrance of oil production. Agéiht estimation of initial movable
water is critical for a better performance forea#dghese formations.

The lack of high initial pressure is a disadvantafjeonventional tight-oil formations

compared to unconventional tight-oil formationswleu initial rates and faster rate
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declines pose unfavorable conditions for the dgaakent economics of conventional
tight-oil formations.

Different oil price models and the development camps objectives could change the
recommended development plan of conventional tgHbrmations. Long-term and

short-term goals needs to be looked at carefully.

Other interesting observations were identifiechis tesearch and they are listed here as

secondary conclusions:

The effect fractures corridors varies dependingomby on their count but also their
distribution in the reservoir. Thus, characterizihgse fracture corridors correctly is
critical.

Drilling sump wells to dewater shallower producesas a limited effect in reducing water
production from some wells. However, no additionibrecovery benefit is realized from
drilling sump wells.

The dynamic stress change with production migletr atte infill drilling plans of future
well. It is important to consider modeling the gesmianical behavior of the formation as
part of the continuous monitoring program of theedlepment plan.

Starting the development of tight oil formationdfe peak of a large oil prices cycle is
the best timing for field development. This cantoap the high revenue from the first
few years of the well’s life which is associatedwthe highest rate.

It is important to consider the sensitivity of plogd reservoir parameters when preparing
a development plan as parameters like initial presand water saturation could affect

the economic result significantly.
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9.2 Recommendations for Future Work

Exploiting the potential of conventional tight-édrmations requires more research. Here

are a few areas that somebody could embark on:

Studying the response in of high conductivity ftaietcorridors using rate transient
analysis (RTA). This could be an additional apploticdetect and characterize these
corridors.

Performing geomechanical laboratory experimentesaya sample from conventional
tight-oil formation to study their mechanical projes and compare them to
unconventional tight-oil formations.

Modeling the fracture creation and propagation gisiore rigorous hydraulic fracturing
design data like fracturing fluid type, proppameyg and sizes and failure criteria.
Performing experimental studied on core samplestierstand the relative permeability

effect.
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APPENDIX A

This appendix provides the PVT, relative permegbénd initialization data for the

simulation model described in Chapter 5.

PVT data:

p Rs Bo Eg visc visg
14.69¢0 3.1042° 1.0676: 4.4443 3.40070 | 0.01306:
93.716: 11.507¢ 1.070¢0 28.567¢ 3.19460 | 0.01311.
172.73 21.237 1.0747. 53.072¢ 2.9878.0 | 0.01318:
251.75 31.817: 1.0780 77.959! 2.794:0C | 0.01326!
330.77 43.041: 1.0833° 103.22° 2.6168{0 | 0.0133@
409.79° 54.790¢ 1.0880¢ 128.87: 2.4563.0 | 0.01346:
488.81¢ 66.987: 1.0930: 154.89: 2.31130 | 0.01357
567.83( 79.575¢ 1.0981: 181.27¢ 2.1806.0 | 0.01369
646.85( 92.512¢ 1.1034 208.01¢ 2.0625:0 | 0.01382
725.87¢ 105.76(0 | 1.10890 235.10¢ 1.9556(0 | 0.01396:
804.89¢ 119.300 | 1.1145! 262.52¢ 1.8587.0 | 0.01410!
883.91¢ 133.110 | 1.1203: 290.26° 1.7705.0 | 0.01426:
962.93¢ 147.17'0 | 1.1262! 318.20C 1.69000 | 0.01442!
1041.9¢ 161460 | 1.1322¢ 346.60¢ 1.6164.0 | 0.01459!
1120.9¢ 175.970 | 1.1384¢ 375.16¢ 1.548810 | 0.01477.
120C.0C 190.680 | 1.144%0 403.94: 1.4866!0 | 0.01495!
196C.0C 341.030 | 1.211f0 685.11: 1.07450 | 0.01711
2720.0C 503.94/0 | 1.2875. 950.89! 0.84603: | 0.01976.
3480.0C 676.470 | 1.3715 1179.2¢ 0.701621 | 0.02260.
424(.0C 856.80C | 1.4627 1367.1 0.60216! | 0.02539:
500¢.0C 1044.0'0 | 1.5604¢ 1520.6: 0.52943: | 0.02803:

Relative Permeability Data:

Oil/Water Gas/Liquid

Sw krw krow Sl krg krog
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0.4£0 0.06799: 0.16001. 0.57f0 0.19531. 0.06328:
0.47¢ 0.08055! 0.12690! 0.612¢ 0.15820:. 0.08613:
0.200 0.09330: | 0.09793 0.6500 0.12f00C | 0.112f0C
0.52¢ 0.10620 | 0.07300 0.687¢ 0.09570. | 0.14238:
0.5%0 0.11926. | 0.05200! 0.72%0 0.07031: | 0.17578:
0.57¢ 0.13244. 0.03482: 0.762¢ 0.04882! 0.21269!
0.€0C 0.145741 0.02131! 0.€00C 0.0312!0 0.25312!
0.62¢ 0.15916. | 0.01131 0.837¢ 0.01757¢ | 0.29700
0.6%0 0.17267' | 0.00463! 0.87%0 0.00781: | 0.34453:
0.67¢ 0.18629- 0.00100 0.912¢ 0.00195: 0.39550i
0.700 0.20000( 0.00000( 0.950C 0.00000( 0.4£000(

Initialization Data:
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Top depth: 5,000 ft
Oil-Water Contact: 5,070 ft (bottom of the reseryoi

Initial Water Saturation: 30% (from the relativapeability data)
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APPENDIX B

This appendix provides the oil prices and cumuéapvoduction data for the economic

analysis that is discussed in Chapter 7.

Oil Prices Models:

"% $%
1& " $%
(O)* 1% $%
()*1& " $%

Cumulative Production (Well Count and Placement Cass):

+ %,
/ / / / / / / / / /
0 1, / / / / / / / / / /
2* 13171 / / / / / / / / / /
/ / / / / / / / / /

Cumulative Production (Aquifer Cases):

Oil

4 #

/ / / / / / / / / /

0, 5! / / / / / / / / / /

510 1 / / / / / / / / / /
Water
4 #

/ / / / / / / / / /

0 51 / / / / / / / / / /

510 1 / / / / / / / / / /
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APPENDIX C

Copyright Permissions:

The copyright permissions for using the listed feegiand tables below are provided in a

supplemental file. All other figures and tables arginal to this work.

Figure 1.1 Figure 1.2 Figure 2.1 Figure 2.2
Figure 2.3 Figure 3.1 Figure 4.1 Figure 4.2
Figure 4.3 Figure 4.4 Figure 4.5 Figure 4.6
Figure 4.7 Figure 4.8 Figure 4.9 Figure 5.1
Figure 7.2 Table 3.1 Table 3.2

119



