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ABSTRACT

ASSESSING UNCERTAINTIES AND MANAGING RISKS IN SHALE GAS
PROJECTS

Tuj an, Mur at Fatih

Ph. D, Department of Petroleum and Natural Gas Engineering

Supervisor: Assoc. Prof . Dr. ¢aj
October 2017273 Pages
New millenniumés oi l i ndustry shategast he p

formations as a revolution, a game changer which certainly have taken attention of
most investorsHowever,shale oil andshalegas projects generally have marginal

economics, hence should be carefully anadlfrom the economitandpoint.

To analgethe economics of a shale oil or shgées play, generating anawmically
recoverable resour¢d&RR) probability function showing the full uncertainty range is
highly important. Furthermore, theet present value (NPV) of the projeogether
with the unertainties inhezntin it should be revealesb thatthe primary decision of
entering a shale odlr shalegas projectvill be determinedAs progressing through the

projectphasegjudiciousgo/nago decisios should be given at several decision gates.

In this study, amethodology t@valuateshale oil and shale gasojects at any project
maturity stage via &lly probabilistic approacks developedMoreover, a new user
friendly softwarewith graphical user interface is developed to make our methodology

applicable.



Considering the availableput parameterateach of theéhree different project phases
exploration, appraisal and development phasgscific probabilistic reserves
estimation methodologs aredesignedo reveal he effect of uncertaintiesin input
parameteron the ERR probability range Moreover by utilizing the economical
parametes such as market prices, tax rates and various expessiiPV probability
ranges and hence firngo/nogo decisios at thedecisiongatescan be attainedrhe
main objectiveis to develop a methodology tobtain firm decisioa at any project
stagewhile consideringhe uncertainties in th@put parameters and evaluatehe
risks in the monetary levetinally, the developed methodology is verified via the data
obtained from a real field and utilizing the developed software.

Keywords: Shale GasShale Oil, Risk Management,Uncertainty Assessment,
Probabilistic Methods, Monte Carlo
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KEYL GAZlI PROJELERKNDE BELKRSKZLKKLERK
RKSKLERKN Y¥NETKMK

Tuj an, Mur at Fatih

Doktora,Pet r ol ve Dojalgaz M¢hendisli]j

Tez YoneticisiDog. Dr . ¢ajl ar Sénayu-

Ekim 2017,273 Sayfa

Petrol ve gaz endg¢gstrisi bu mil enyumun b
gaz ¢retimiyle tanéxkxtée ve bu gelikmeyi b
Doj al ol ar dikcokpat geEmeeamrén 11 gi si nive - ekt i
KegazZpr oj el er i mar j i nal ekonomil ere sahi pt
edilmelidir.

Ekonomi k analizl eri ger -eklektirebil mek
mi Kkt ar éné belirten bir ol aséel ekaynakonk s i \
mi kt aréndaki t ¢ m b e lBunaskiolarbkprdienienet bugiinkiiay a s €

dejleeliirsizIlikleriyle birlikivey aongeyyya ko

projesine baklama kararé bu i kimelgiar ametr
Ayréca proje i-inde il er|l dasabettdevagetveyal en - «
durkaralaré ver i |l mesi gerekmektedir.

Bu - adh,&ema petrol ¢ ve «kKeyl gazée projele

saf hads @amaane n ol asel ékl & yakl akéem vaseéet s
gel i ktiril mesine odakl anél mexkt ér . Ayr éeca

yeni, kull anécé dostu ve grafiksel kul | al
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Girdi parametrelerindeki belirsizlikleriekonom k ¢ r et i Il ebi |l i r kaynak mi

aral ejéena etkilerifmirkbel a@biod rma dsaa,if hdaesjeenrglne n d i
ve gel i kti rhrmeer shaifrhian daer éwnléank €l abi I i r ol an gir
al énar ak, °©zge¢l ol aséel ekim&gktéereer Bunahmikn oy @
piyasa fiyatlaré, vergi oranl ataneeée éd{ akiakl i

net bug¢hlagédekenmnralkajrarv emokdlad ya&d £aydlaa g¢veni
veya dur kararl|l aEre téemel eamdedbmézcegitidi par

belirsizlikleri gézoninde bulundurarak bir prajim herhangi bis a f h assaéjnldéak | &

bir kararsunablecek veparasalt i skl eri dejerl endirebil ecek Dbi
Son ol ar ak, geliktirdijJimiz y°ntem ger-ek bi
yazél ém kull anélarak dojrul anméecxkter.

Anaht ar Kel i meklegyrl :  PRigkyYi@néeti@ia Befirsizlik Tayini

Ol asél ekl é& Y°ntemler, Monte Carl o
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CHAPTER 1

INTRODUCTION

As todaybés hydrocarbon reserves decline ¢
new opportunities to develop new reserves economically those are formerly somewhat
unatainable andusedtobelemlas A Unconventional Resource
potential, especially shale oil asalegas have taken attention of most investors and

become difesaverf or wor |l dés declining hydrocarbo
andshalegas projects generally have marginal economics, hence should be carefully

analyzed

There aremanyunconventional issues in unconventional reservoirs. Extremely low
permeability, exotic diffusion effects, stress depengerimeabiliy and porosity
molecubr adsorptiordesorption andhorizontal wells with complex fracture network
are a few example¥hese entirphenomena combined with poor data mezesults

of any estimation highly uncerta{ilouze 2013Clarksonet al.2011)

As for an unconventiongllay, original hydrocarbon in place (OHCIP), technically
recoverable resources (TRR)conomically recoverable resources (ERRRY the
determination of the ERR to be classified as reserves, i.e. estimated ultimate recovery
(EUR) are all functions of theofmer ones and should be calculated independently
with the uncertainties inhent in each one (Weijermars 2013lowever,reliable

determination of thee valuess highly difficult and needs rigorous investigation.

Moreover, differentresource estimation methodologies are applicable at different
project maturity stages, sindata available atach stage evolve§heproject maturity

stages are categorized into three in this Rty asexploration, appraisal and
develgpment stages in chronological order and three decision gates are placed at the

end of each stage.



Exploration stage aims farove the existence of producible hydrocarb@appraisal
stage aims tdetermirethe profitability of the opportunitgnd development stage aims
to meet production targetse. to prove economic producibility of future horizontal
wells (Gileset al.2012)

As of today, although there is not any industry standard in the evaluation of shale oll
and shale gas reservesptwost widely used reserves estimation methodologies are
generally utilized for the evaluation of shale formations, after having some

modifications to handle the abeweentioned unconventional issues.

The first reserves estimation methodology is the vottimestimation method with
some maodifications to include adsorption phenomena, which is badikallyhat

applied for conventional reservoirs (Ambroseal. 2010). However, deterministic
application of this method would certainly bring high uncertamto evaluation of

shale formations.

Secondreserves estimation methodology is twduction data analysisiethod,

which canonly be usedagain with the necessary modificaticarsd whenever enough

data areavailable. Throughout the last decadeyesal authors modified the well

known Arpso6 equation for better representat
shales (llket al. 2008b, Valko 2009, Duong 2018nd Gileset al. 2012. However,

the application of this method is performiegl estimating aneanestimated ultimate

recovery EUR) and a single production declitiend for the entire plagChenet al.

2015).As will be discussed in this study, the traditional methodology would naturally

involve a high degree of uncertainty due to the higigree of heterogeneity and

consequently productivity variatiacros the area.

In this study we developa methodology tgrobabilisticallyevaluate a shale oil or
shale gas project at any project matustggge while considering the uncertainties in
input parametersn our methodology, we utilized several reserves estimation methods
in a fully probabilistic fashionaccording to the maturity stage of a projdebr
exploration phase, a specially developed analogy metfowdappraisal phase, a
modifiedversion of volumetric methoandfor the development phase, a special type

of production data analysis method is used.



All three reserves estimatiomethods arextensivelymodified to better suit to the
shalegasformationcharacteristicsMoreover,these methods can be easily modified
for shale oil formations whenever the reliable reservoir, fluid, rock properties data

together with production data are available.

To makeour methodology applicableye havealso developeda new userfriendly
softwarewith GUI (Graphical User Interface), which castimate OHCIPTRR and
ERR systematicallyand reveathe uncertainties iall outputs Lastly, the economical
parameterare alsaequired as inpub presentr Net Present Value (NPV) probability

rangeandhencecleargo/na-go decision for the projecanbeobtained as the outcome.

As is the case of today, there is no economic shale oil or shale gas production outside
of North America. Our study also examines the barriers of achieving economic shale
oil and shale gas projects anywhere in the gldWereover, via the developed
softwae, investors would be able to evaluate the economics of any glagle
determine the weak points to brengthenpptimize their investments and develop
derisking strategies at amhaseof their project.This study stays in the core of the
shale oil ad shale gas project management and involves the evaluation of the projects
both from technical and econoralgoint of views.

The reader will find an extensive number of pages of leeassurvey in this
dissertationsincea wide technical background froexploraton to completion and
production,together with the basic concepts of project risk and uncertainty analysis,
decisionmaking financial analysignd so orare necessary to compose such a study
All the presented information pile in the manuschptve strong connections to this
study, directly or indirectly. On the other hand, although this study includes a powerful
and highly challenging programming backgrourahy theory aboutcomputer

programmindanguagevasnotgiven in the manuscript.

The ®ftware developed together with this stufiyndamentallyaims to provide
investors and executives userfriendly GUI environment to calculate the risk of
failure and the uncertainty in success at any stage of the shale gas projects. In words
of one syllake, the sétware provides a firm decisiemakingutility from the touch of

the bit to the abandonment of the field.



Finally, robustness of the methodology and thaveaffe developed in this study are
corroborated by benchmarkingith the selected real fields. In other wordise t
TRR/ERR resultgalculatedat each tab of the software representing separate decision
gates are highlgonsistehwith the foreknown value®f the real fields used in these

casestudies



CHAPTER 2

UNCONVENTIONAL RESOURCES PRELIMINARIES

Unconventionaltermfor oil industryis a dynamic term, which changes with time and

even location. For example, until the first oil well drilled by Edwin L. Drake in August

1859, the conventional method of oil protan was collecting natural oil seeps and

open pit excavations. At those times, drilling with a rig was considered as
unconventional.From that day onoffshore drilling, horizontal wells, hydraulic
fracturing ad IOR (Improved OilRecovery)methods are hexamples of the change

of the projects referred as nlodag,eameent i o
of the so-calledunconventional resoursesuch as shale ahdshalegas Coal Bed

Methane (CBM)and tight gas are seen as routine by some aheooil industry
(Vassilellis2009).Global hydrocarbon production entered a new era witbafled
Aunconventi®@nhawhirelsowmd &g dc ars kier evi ousl
(Reeve=t al.2007).

Unconventional Resourcesre generally spreatiroughouta large areal extent and
significantly not affected Yy hydrodynamic influences. Thayeed unconventional

(specializedl extraction or process techniques (Ckaal.2010).

As can be seen frofeigure 1, according to final products, unconventional resources
can be divided into two categorjggs sourcegtight gas sands, basin centered gas,
coalbed methane, shale gas and methane hypeatdsil sources(heavy oil, extra

heavy oil,bitumenand oil hales).

As suggestedh the Resource Triangle Theory (RT®f Masters (1979)all natural
resources (gold, silver, gas, oil) are distributedrdogmally in naturei.e.the highest

grade of the deposits found will be only a small portion of the whole resource.
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Figure 1 ¢ Classification ofunconventionalresources (after Charet al. 2010)

The larger portion, lowegrade resources need improved technology and increased
investment. In shortthe exploitation of resources highly sensitive to both
technology and commoditgrices (Masters 1979)The loghormality tendency of
many natural phenomertan be explained awost of them has a lower boundary,

namely zero, but no upper boundary (Jarlsby 2007).

Higher commaodity pricesnherently bring new technologies, hence depsaient of
lower grade resources. In other words, higher market prices of the products encourage
developing the resoursat the bottonpart of the resource triangle kigure 1, which

in turnbring increased drilling and boosted productiBlores et al.2017).

The oil and gas resources calledieanventionad constitute thdnigh-grace portion of
the whole resource antlinconventional consiss of the remaininghuge portion,
which requires improved technology and adequate oil and gas f@oeseia and
Citron 2009).

ThisPhDstudy is limited to shaleil andshalegasresources, whichredefinedas the
oil and gasresources in shal®rmations that are thermally mature enowgitd has
sufficient and economikydrocarborcontent(SLB Oilfield Glossary 2015).

Although tight gas sandand basin centered gascumulations (BCGAare different
from a geological perspective, they show similar production trends andsimeert

development strategigsence economic characters



Tight gas sands are low-permeability gas reservoirs with conventional trapping
mechanisn(reservoir rock)Figure 2), typically having sandstone textugeolditch
2006 and BCGA is defined asa regionally pervasiveinconventional natural gas
accumulationhaving low permeability, abnormal pressuf@verpressure or under

pressureand highgas saturan withouta gaswater contac(SPEPRMS 2007).

BCGAGs range from a few feet t Feetihikk si ngl
multiple, stacked reservoirs (AAPG Wiki 2Q17aw 2003.

To summarize, whetgoth tight gas sands and BCGAre typsof tight gas resrvoirs
(unconventionalresourcef tight gas sands show conventional accumulaton
trapping characteristics whereas BCGA show unconventional charactefistars.
are two types of BCGg#; direct BCGAs consist of gggone kerogen antthe pressure
mechanisms hydrocarbon generatiomhereasndirect BCGAs consisif liquid prone
kerogens and the pressure mechanisonasking of liquid hydrocarbons to gésaw
2000,2002) Masterg1979)was the first to define this type of accumulation and called

it as fAdeep basin gaso.
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Figure 2 ¢ Classification of gasresources (after EIA2011a)

Although some authors draw a permeability-cut f of n0. 1 mDo to
unconventional and conventional reservoirs, this designation do not have a scientific
background(Boyer et al. 2011). Actually, economywould bea more meaningful

criterionthat dawstheborder forunconventional term.



Holditch (20®) makes the neatest definition of an unconventional gas resérgbtr

gas reservoirpy emphasizing econonmgs a feservoir thatannotbe produced at
economidlow rates nor recoveeconomicvolumes of natural gas unless the well is
stimulated by a large hydraulic fracture treatment or produced by use of a horizontal

wellbore or multilateral wellboreés.

On the other handhé need for drilling more and complex wells together with massive
stimulaton operations leads to invest more in unconventional plays, which in turn

bring higher economic risks (Madani and Holditch 2011).

Moreover, uncertaintieariseat the exploration stage and ranges fif@oes the play
exisbto fiwhat is the lifecyclgrofitabilityd. Range of uncertainties becasmarrower

as the play is developgabwever theyemain until the abandonment of the field (Giles

et al. 2012). While areal extents of shale plays are much larger, they involve much
uncertainty. Moreover, gedjcal complexity, petrophysical and geomechanical
factors, together with high investment requirement bring even more uncertainty
Considering the many parameters each involving uncertainties, adisaiplinary
approach is necessgifarding 2008)Despte the huge uncertainties inherensimale

play evaluations asessment and quantification wficertaintiesvould provide asset
owners valuable insight into potential of their assets and allow them more accurate
categorization btheir reserves (Lee anddf 2010).To obtain the uncertainty range

and analyze the risk, stochastic approach should be utilized, rather than a single point
outcome. Stochastic analysis not only assstbe risk of failure, but also provides a

statistical distribution for all possible outcon{ékarding 2008).

To evaluate the riskn developing an unconventional play, two concepts should be
examined carefully. The first one is ttechnically recoverableresources (TRR)
which is the proportion ofadoil initially in place GII P/STOIIP) that can be
technically produced using current technology disregarding the economical
parameters. The secondeis economically recoverable resources (ERRyhich is

the portion of TRR within favorable economic conditions and incentives the
portion having profit potentialFinding and development costs (F&DC) lease
operating expenses (LOEandcommodityprices are the most important parameters
in determiration ofERR (EIA 2013)



Since unconventional oil and gas projects have marginal economicgyrtfgability
is highly sensitive to recovery efficiency and F&DC, which are driveainly by

technology and politicatconomicconditions respectivelyFloreset al.2011).

To prevent any confusion, it would be suitable to define estimated ultimate recovery
(EUR) as the portion of ERR to be classified as reserneegconomically recoverable

volume, at the current technology and magpkates(Weijermars 2015)

In this dissertationtherelationshis betweenGIIP/STOIIP, TRR ERR and EURof
shale oil andshalegasplaysaremostly concentratedd methodologyand a software
is developedo evaluate the economicencurrently assessirtge uncertaintiesand
mitigating the riskin any maturity stage of aesource developmeptoject In short,
clear go/nego decisionscan be renderedat all stages, namelyom exploration to

production usingthe developedoftware

2.1.Shale Gasand ShaleOil Reservoirs

Shalesare very fine-grainedsedimentary rocks that contain clay, quartz and other
minerals.They are of ultrdow permeability and conventionally behave as a natural
barrier to the migration of oil and gas (Bowtral. 2006 Passet al. 2010. Shales

are the mosabundantocks in sedimentary basins worldwide (Ahmed and Meehan
2016).

ShaleGasand ShaleOil Formations are organierich rockscontaining kerogen that
matured due tooverburden pressure and temperatyr@nd ultimately yield
hydrocarbos. These are briefly layers of shales aagelrs of silt and/or carbonates
and while depositiorfine-grainedorganic materials deposited concurrently with the
silt, mud and clayGenerally,source roks expulse some portion of thgdrocarbons
they generatewhich will be trapped in conventional reservoirs. However, the
remaining portion, which is very largmmparing to expulsed portion, mpyovoke
the formation taeshowshaleoil andor shalegasresource characteristics according to
its kerogen type andvel of total organic antent(TOC). In other wordspil andgas
shaleformationsareknown as the source rock for conventioodlandgas reservoirs
until recent extraction techniques evolved them to economically prodskaigoil

andshalegasresevoirs. In these rocks,ydrocarbons are stored mostly in limited pore
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spaces andaptly adsorbed to therganic matgal of these rocks (Cipollatal. 2009,
Glorioso and Rattia 2012hmed and Meehan 2016).

In addition to proximity of source rocks tmnventional reservoirs, they exist in a
broader area where conventional reservoir rocks are unavailablerfoegtion of
hydrocarbongWEC 2010)

Hydraulic fracturingwas the first enabling technology for producing commercial
quantities of hydrocarbondrom shale formations, which createadditional
permeability in rocks those havimgry low permeability and little natural fractures.
Although fracturing vertical wells in shale formations produce high volumes initially,
they exhibit a sharp decknaftera short time. ® overcome this issue, drilling of
extended reach horizontal wellgth multistage fracturindo create more reservoir
contact eme into concernThesetwo key enabling technologiekorizontal drilling
and multistage hydaulic fracturing,unlocked the potential oleconomic production

from shale gas anshaleoil formations(Zhangetal. 2009 Boyeret al.2011).
2.1.1. Shale Formation Producibility and Sweet Spots

Sweet spottoncept is one of the most important factor controlling the productivity of
shale formationbecause of the regional heterogeneity. Swsget refers to the points
where reservoir qualitparameters; such as permeability, porosity, net thickness or
formation pressurare muchsuperiorcomparing to the rest of the ar@@hanet al.
2010).Moreover, Giles and Tennant (2014) defined sweet spots as portion of the play
that has top quartile estated ulimate recovery (EUR). \Eery author may define
sweet spot term to the parameter of his orihirest. In one way another sweet
spotrefers toa preferablepart ofa play (Giles and Tennant 2014omedefinitions
may be:

1) Most economic portio of the play

2) Best producing portion of the play

3) Shallowest producing portion (cheapest wells)

4) Closest tanfrastructurgeasily developable)

5) Optimum thermal maturity range for gas/liquids

6) Other factors such dsghest TOC, pressure, thicknesspptimum stress.
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While moving away from the sweet spots, geological degradation occurs and
extraction costs increases. Hence, these changes should be considered while
classification and categorization of the reso(@ganet al.2010).Locating the sweet
spots would make a huge difference in the economics of the play or provide pace in
proving the commerciality of a play (Giles and Tennant 2@l#enet al. 2015. On

the other hand, Haske{014) clearly reveals thgtursuing sweet spots at the
exploration phase may lead to fail in determination oftthe economic potentiadf

an unconventional opportunitysince the true value is the aggregated value of the
entire developed area, sweet spot exploration oriented programsleaayto
overvaluing of the opportunity.e. exaggerated/ovestimated resul@nd misleading

of the investas. According to Haskett (2014ather than exploring the sweet spats

fair assessment of the entire opportunity is the quickest and lowepathway into

an unconvetional opportunity. The initial wells should provide confidence that
overall productivity is greater than the project execution threshold, i.e. what you have

should be higher or equal what you need to haue sustain a viable project.

Haskett (2014)also denotesthe digarity of uncorventional resource project
managementaf: Our conventional mindset of striwv
the target in the best location is contamimgbtur unconvenonal business decisien

making The primary exploration target and intent should be the identification of an

area of productivity of sufficient agnitude and areal extetd support a business

decision to develap .

Neverthelessjn the development phaseigmtizing the sweet spotssignificantly
increases the operational efficiency aatlie of the entire opportunifidaskett 2014).
Sweet spa can be detectaaa the existing welly the help ottuttings, mudlogging,
well tests and well logs. Moreover, seismic or geological modeling tools help to

determine the areal or late@ntinuityof the sweet spof&lorioso and Rattia012).

To evaluatehe producibility of a play evaluation ofthe sour@ rock potentiaivould
be theinitial step. Itis performed primarily by geochemical analysis of shale samples
together with offset well logs. The samples should be rich in organic material and

capable of generating hydrocarbons (Baogteal. 2006).
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Moreover,there is a consensus on the crucial role of fractures in the shale siiaad

gas resourceroducibility. The more natural and induced fracture permeability, the
more transport conduits, hence producibility. The extérihe propped fractures

the complex fracture networketermines thatimulated rock volume (SRV) from

where exactly the production comes into the wellb@fayerhoferet al. 2010)
Moreover, natural fractures are also indispensablefor shale production either
because they iatact with hydraulic fracture treatmerdsad contribute directly to
storage or permeability. Hence, a good understanding of natural fractures and SRV is

important to predict the production potenaaldmodel the system

There are 4 kegarameterthatdetermire theproductionpotentialof a shale formation
andthey areexplained below in detailvén Gijtenbeek 2012)he first two, organic
matter richness(TOC) and hydrocarbon generation potent{gthermal maturity)

determingthe source rock potentiakhere the latter twacomplexityand stimulation
potential, determinethe suitability of the formation tbe develogd as economic

oil/gasresource.
Total Organic Content (TOC)

TOC is the amount of carbon bound to organantents of the rock. Basically,

represents the amouat organicmaterialin kerogen, bitumenriquid hydrocarbons
and measurethy weight percent of organic carb@man Gijtenbeek 2012)As a

consensus, from the producibility pointvaéw, minimum required avege TOC of a
shaleprospect is @ (EIA 2013).

Kerogenwhi ch | i terall y meaanxre df prgapiccantpeunds o f
(algae and woody plants), generally occurs in source récks to buria) microbial
activity converts somerganic material into biogenic g&urthermore, whileepth of
burial increaseslue tosedimentation,gmperature and pressure increastsnce the
remainingorganic matteii primarily lipids from animals and plant matter or lignin
from plant cell§ slowly cooks and transformed into vauis kerogenypes Boyeret

al. 2006) Some types of kerogen (Type I, Il and BBnrelease crude oil or natural
gas upon intense heatirtpe to further burialThe process of kerogen alteration

explained aboves calledmaturation. Kerogen is insoluble in normal organic solvents

12
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(e.g. in carbon bisulfidePn the otherhandpsl ub | e el e me rbitusmenar e Kk nc
which forms from kerogen during petroleum generation. Asphalt ametral wax are
forms of bitumer(Glorioso and Rattia@®L2, SLB Oilfield Glossary 20115).

Kerogenhastypically low density, whichis close to waterhence decreases grain
density in shale when comparing to kerogen free sh@keserally kerogerhas very
small pore sizes; either micropores or nanopa@ned considered as hydrophobic
(Glorioso and Rattia 2015LB Oilfield Glossary 201€. Shale regions close to
kerogen show oilvet characteristic, whereesgions away from kerogen show water
wet characteristic (Boyeat al. 2006).

Kerogen has the role of creating pore space and providing hydrocarbon storage, hence
there is a strong correlation between kerogen content and total porosity, hydrocarbon
saturation and permeability. In shokgrogencontentor TOC valuesare directly

related with the overall reservoir digt (Neville and Donald 2012).

Generally, TOC and kerogen terms are usettrchangeably however, TOC
represents all the carbons including the hydrocarbons that kerogen generated. Hence,
while kerogen matures and prags gas and oil, its amount decresakewever, TOC
remains constant until the generated products are expelled to other reservoirs (Glorioso
and Rattia 2012).

Although, TOC and kerogen are closely associaii¢il shalesand siltrich claystone,

they may le present in mangarbonatesGlorioso and Rattia 2012).

TOC evaluation is traditionally performed by indireneasurement, whictvill be
explained below in details. However, the development of new geoe spectroscopy
measuremertbols (e.g. Litho Scareri ahigh-definition spectroscopy logging tobl

a trademark oBchlumberggrareworth mentioningdoriefly here(SLB 2017) The tool
enables the direct continuous measurement of carbon together with other major rock
forming elements. Whilanineralogyand TOC are determined, one can estimate

porosity and adsorbed gas content easily (Neville and Donald 2012).

Traditionally, TOC is determined either by measuring CO or@&mission after

combustion of 1g of pulverized rock sample or subjection of santpleontrolled
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heating in inert gas (no oxygen) to the point of hydrocarbon generation which is called
a sp yfir o | ($LB Oiffield Glossary2015, Glorioso and Rattia 2012).

Pyrolysis is briefly controlled thermochemical break downracking) of large
hydrocarbon molecules into smaller ones and a very useful instrument in evaluating
shaleoil andgas plays (SLB Oilfieldslossary201%, Glorioso and Rattia 2012).

Pyrolysis is used to assess the quality of source rockal@dance and thermal
maturity of organic material anthe quality of hydrocarbonso be generated.
Researchers fronFP (Institut Francais du Petrole) developed a methodology for
pyrolysis, whichhecome an industry nor(aspitalieet al.1977) This method requires
50-100 mg ofpulverized rock and performed in 20 minutes. Sample is heated in
controlled stages. First stage is heating the sample to 300 °C at which free
hydrocarbons are released from the matrex interparticle pore networklhe sample
continues to be heated tp550 °C in the second stage where volatile hydrocarbons

formed by thermal cracking are released.

In addition, kerogen yields Gbetween temperatures 300 °C to 390 ACllame-

ionization detector measures released organic compounds through thelfgsstand
stageand a sample results chart is givefrigure3. The peaks in the chadvealshe

relative abundance of hydrogen, carbon and oxygen in the ketogyese th&erogen
type and its potential of hydrocarbon generaiigapitalieet al. 1977, Boyer et al.

2006).

As can be seen iRigure3 below, S1 peakrepresents thmilligram of hydrocarbos

(oil + gas)that can béhermallydistilled (volatilized)during the first stagéelow 300

°C) per gram of rockS2peak represents tmailligram of hydrocarbos generatedby
thermal cracking of kerogen during second sfageto 550 °C) per gram of rocke.
residualhydrocarborpotential of the rock if the burial and maturation contin&.
peak represents tmailligramof CO; produced by kerogen as it is heapeat gram of
rock Lastly, Tmax represents the temperature at which the maximum volume of
hydrocarbons are released, corresponds to the tip of S2 peakallie determines

the thermal maturity of the sourceck (Boyer et al. 2006 Espitalieet al. 1977).
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Calculation formulas foProduction Index, Hydrogen Index, Oxygen Index and
their meanings can be seerfigure3, as well.

* Production index (Pl)
S1/(81 + 82)
Indicator of
thermal maturity

max

¢ Hydrogen index (HI)
52/(51 +52)
Indicator of unoxidized
hydrogen in the system

Gas volume

¢ (xygen index (O1)
33/(51+52)
Indicator of gas richness

. Tmax .
Temperature of maximum

hydrocarbon generation

1
550°C
53

300°C

[ ‘(—————————————————‘[—
—

51

(]

Figure 3 ¢ Results of pyrolysis using flamedonization detector (after Boyeret al.2006)

TOC is used to estimate the adsorbed gas and is a propéng/raick A conversion

factor( gener alolry ak dai rlec2t) r e li 25) (Passegt &l.20d0)f act or
could be utilized to estimate TOC from kerogen which include additional certain
elements (e.g. hydrogen, oxygen, nitrogen and sulphur). d@e obtained from

the % of kerogen or can be measured in laborgiyrioso and Rattia 2012).

To clarify the direct relationship factanentioned abovewe should statethat, the
grain density of organic matter (1-.1.4 g/cc) is much smaller than the inorgamick
forming minerals (2.6 2.8 g/cc). Hencekerogen occupies much larger volume

percent (vol %) than is indicated by theightpercent \t. %) (Passet al.2010)

Due to lack of sample availability, correlations between TOC and other parameters are
also developed. For example, current rock dengiy rheasured in laboratory and
using the density logs, log TOC could be estimated relying on the fact thgekero
reduces the rock density (Glorioso and Rattia 2012).
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where, TOC : total organic ontent(Ibf/Ibf); Vker : kerogen volumgvol/vol); }ker :
kerogen density (g/cr)b : formation density (g/c¢k : conversion factor (~1.2f :

direct relationship factor (~22.5).

Van Krevelerdiagram inFigure4 shows the classification &krogen typeaccording
to hydrogen index (HI) and oxygen index (Ol), besides theesponding maturity

windows andlablel presents the generated hydrocarbon products after maturation.

Basically, thermal generation of hydrocarbon from kerogen starts with generation of
non-hydrocarbon gases (G@nd HO) by losingoxygen primarily Later, as kerogen
continues with losing more hydrogenyields oil, wet gas and dry gas, respectively
(Glorioso and Rattia 201 Espitalieet al. 1977). Since oil is rich in hydrogen, more

oil is generated in ydrogen richkerogen Following the depletion of hydrogen in

kerogen, generation stops regardless of the availability of caBaskif 1997.

Products given off
from kerogen

Type [1C0, H,0
[ il
[ Wet gas
g Typanl | 1 Drygas

[ No hydrocarbon
— potential

Increasing
maturation

Hydrogen/carbon ratio

T Typell

/ Type IV

1 1
0 01 02 03
Oxygen/carbon ratio

Figure 4 ¢ Modified version of Van Krevelen Diagram showing the eolution of kerogen types

by increasing heat and burial, i.e. maturation(after Boyer et al. 2006

Although as presented iffable2, TOC percentage determines Kexogen quality
of source rocks, some authors argue that too much kerogen may fill the pore spaces

that would otherwise be occupied by hydrocarbons.
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Table 1 ¢ Kerogen types and generated hydrocarbon products after maturation

(after Glorioso and Rattia 2012 Van Gijtenbeek 2012)

Kerogen Dep_osmonal Constituents Hydrocarbon Product
Type Environment
Algae and
I Lacustrine amorphous organic Vemﬁvc Oil
matter
Marine, Algae and
[ Reducing 9 H/C rich Oil & Gas
L herbaceous matter
Conditions
Marine, .
m Oxidizing Wood and humic HIC poor Gas, Coal
" matter (CBM)
Conditions
Marine,
v Oxidizing Decqmposed Very HIC Inert
" organic matter poor
Conditions

As for shale gas to be thermogenically generated, Type Ill found as the most

preferential. However, Type Il may also generate shale gas in post maturity stages.

In gas accumulations of biogenic origin, organic matter has not been subjected to
enough geothermal gradients to generate hydrocarl@tsadthere has been enough

bacterial action to generate biogenic gas that has been adsorbed by organic matter.

TOC levels are helpful to differentiate thermogesialefrom biogenic shaleDue to

conversion of kerogen to hydrocarbamshermogenic shale, TOC levels agtatively
low (< 2 wt. %) (Glorioso and Rattia 2012).

Table 2 ¢ Evaluation and classification of source rock potential according to various authors
(after Boyer et al.2006 Baskin 1979, Glorioso and Rattia 2012

Total Organic Content Baskin (1979)
Weight (%) Boyer et al. (2006) Glorioso and Rattia (2012)

<0.5 Very Poor Poor

0.5-1.0 Poor Fair
1-2 Fair Good
2-4 Good Very Good
4-12 Very Good Excellent
>12 Excellent
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Thermal Maturity

Thermal maturity is a measure of the maximum temperature that the kerogen was
exposedThe kerogen content gradually lessens during the maturity prétmssver,

as discussed, TOC lessens merely when the hydrocarbons are expelled from the rock
(Figureb). Gas storage capacity increases whth increase in Thermal Maturityhe

thermal transformation of kerogen to different hydrocarbon types with increasing
deph and temperature is illustratedrigure6 (Glorioso and Rattia 20)2

Low maturity Total Organic Carbon (TOC
Kerogen Non-source Kerogen
Mature [HC Expelled | F Kerogen
Total Organic Carbon (TOC)

Figure 5 ¢ Reduction in kerogen and TOC due tamaturity and expulsion, respectively

(after Glorioso and Rattia 2012 adapted from Mr. Daniel Jarvie)

Upon evolution of sedimentary rocks due to increasing burial and temperature, S1 peak
(free hydrocarbons present) inases and S2 peak \tirocarbon generated by
cracking) decreases. Consequently, Pl (Production Index) Vdktails given in
Figure 3) increases with depth (Espitalet al. 1977). Thermal maturitycan be
measured by Pyrolysis Methaut Vitrinite Reflectance (Ro). Since the former was
mentioned in the abovdetails of Vitinite Reflectancavill be givenin this part.

Vitrinite is a shiny substance that constitutes a key component of kerogece
generally there is a positive correlation betwe&erogen densityand Vitrinite
reflectance(Bratovich 2012) Vitrinite is formed through alteration of lignin and
cellulose in plant cell walland undergoes complex, irreversible aromatization
reactions with increasing temperatureonsequently its reflectance increases.
Reflectanceneasurements, the percentage of ligheéd in oil, are done by special
microscopes andequipmeh The Ro values corresponding to the gendrate
hydrocarbon types are givémTable3. It is worth noting that, where HI and Ol are
utilized to classify the kerogen types, thermal maturity is utilized to indicate the
potential of hydrocarbon generatioro illustrate the genation of oil and gas from
organic contenti-igure7 will be very helpful(Jarvieet al. 2007) which presentshe

thermal maturation behavior of a Barnett Shale specimen.
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| Diagenesis

Immature zone

Catagenesis
‘ Oil window

Increasing depth and temperature

Gas window

Metagenesis

Biogenic methane

Biomarkers

il

Wet gas

Graphite

Figure 6 ¢ Thermal transformation of kerogen (after Boyer et al.2006)

Table 3 ¢ Vitrinite reflectance (Ro) and the resulting hydrocarbon type

Hydrocarbons generated —»

(after Van Gijtenbeek 2012, Boyeret al.2006)

Ro % Hydrocarbon Type
0-0.55 onset of oil generation
0.55-0.9 peak oil production
09-1.1 wet gas
11-14 dry and wet gas
14-21 dry gas only
>2.1 CO2

Firstly, apart of the original TOC (TO§}, which was 6.41 W&, is converted to
hydrocarbons € where alsdhe othempart remains as hydrogen poor component C
After thermal maturation, approximately 8®of carbon in generated hydrocarbons is
expelled (Gey) and a portion of carbon is not expelled#J, most ofwhich will
further cracked to gamnd retained in thghale Additional dead carbon is formed from

this secondary cracking of oil ), yielding a high thermal maturitgarbon Cr).
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As seen in this example only39.wt% carbon is retained in the Barnett Shedegas
whereoriginal TOC was 6.41 wt%however in volumetricthis corresponds @ huge
amount(911 x 10® ft¥aae-ft of gas content

To prevent any possible confusiainis worthwhile to categorizeil sources in shales

according to their extraction methodologésperbelow.

Firstly, Shale QOilis in-situ produced oil from shale rocks rich in organic medtedt
not expulsed to the reservoir rock. In other wordss the remaining portion of the

hydrocarbongenerated by kerogen source rock¢Glorioso and Raita 2012).

Secon@il Shaledin ar e t he -ponoast keeogen dch shales nwith

insufficient thermal maturityhencecanonly yield hydrocarbons with special process

techniques and high temperature exposure (i.e. artificial maturation of kirQigen

shalescan be produced either by mining or by means-agitin processing. Rich shale

may contain up to 40 % of kerogen (which is 1% in oil source rock) and yields 50 gal

of oil per bn when heated to 350100 °C.Two t hird of wwoWSAdds reser:
and the largest resource potential belong to Green River shale deposits in Wyoming,

Colorado and Utah. However, Estonia, China and Brazil are the leaders of utilizing oll

shales. (Glorioso and Rattia 2012, SIPEMS 2007, Radovic 2003, Wikipedia 2@).5

Original TOC (6.41 wt.%)

Cr (4.09 wt.%)

1

1l

! 1

,/ Expelled 7 Reta\ned H
i

1

- * S (A

Cr (4.43 wt.%)

\ Tl

Figure 7 ¢ lllustration of TOC components and valuesresult from thermal maturation of

organic matter in Barnett Shale specimer{after Jarvie et al.2007).
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Lastly, it is suitable talefinet h @il SAndhereasthesand deposits highly saturated
with natural bitumen, whicha r e a | s oTarSantshoer Bituiaisousfband®
(SPEPRMS 2007Wikipedia2015b). Basically, oil sands are porous rock layers with

a mixture of sandsometimes carbonateglay, water and bitumen. Both-gitu
recovery and mining methods (for shallow depths of less than 100 m) are utilized to
produce this heavy oivith a gravity of less than 18PI (SLB Oilfield Glossary
20150. Tar sand contain 1015% bitumen and by héag above 500 °C70% of the
bitumen is converted togynthetic crude oil Venezuela and Canada are the leaders
for oil sand resources and the largest oil sands deposit is the Athabasca oil sands in the
McMurray Formation Fort McMurray, Alberta, Canadand outcrops for 50 km
(Wikipedia 205b).

The main difference between shalesandtar sandsis thattheformerhas never been
buried deep enough to convert the kerogen in them into liquideoiheat and pressure
have not (yet) transformed the keragato petroleumOn the other handar sands
originatefrom the biodegradation of qi\Vikipedia 205b, Radovic 2003)

Complexity

Thickness and extent of the deposit, fracturing/faulting and bedding layer complexity
all contributes tothe geologic complexitfVan Gijtenbeek 2012)The complex
geologic features usually hinder sha# and shalegasrecovery efficiency. For
example, gtensive fault systems in a prospective area may limit the productive
horizontal lengthhence the recoverpnother example is theavtically extensive fault
systems crossingrganic rich shale formations, which probably bring water into the
shale matrix, reduce relative permeability and flow capacilyey may also
compartmentalize the ras®ir and increase reservairesses, whicmakes fracturing
difficult. Lastly, compressional tectonic featurndee thrust faults and ughrusted
faults show high lateral stress, which in turn result in reduced permeability and flow
capacity Faults alsdoring significant problems for horizontal wells crossing them,
such as wellbore stability and pursuing the reservoir ZBiw 2013 Haskett and
Jenkins 200Q Moreover, geologic complexity brings difficulty in understanding of
the shale systems and margortantly the determination of sweet spots (Kennetdy

al. 2016).
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In addition, omplex geomechanical properties along the vertical direction may hinder
the propagation of induced fractures in the vertical axis due to varying rock strength,
hence mayrevent adequate fracturing and propping of the full net interval. Moreover,
understanding of the lateral heterogen@tyock mechanics and in reservoir quality

is essential to put fracturing stages in the right places and optimize the fracturing
designalong the lateral

Since it is one of the stroaegt parameters determining the producibility of shale
prospectsit is thought to besuitable to categorize and discuss formatiepth under
complexity title.As a consensus favorable depth for shale formations range from 3,300
ft to 16,500 ft (EIA 2013, Ashayeri and Ershaghi 2015). EIA (2013) reports that
prospects deeper than 16,500 ft brings reduced permeability and higher drilling and
development costs. Maseer, Ashayeri and Ershaghi (2015) warn that even depths
below 10,000 ft may bring technical and financial challenges. On the other hand,
prospects shallower than 3300 ft have low reserpoéssurehence lower driving
forces for oil and gas recovery, tdlger with high water content risk in the natural

fracture system.
Stimulation Potential

The typical characteristics of productive shalessamamarized below and illustrated
in Figure8 (Van Gijtenbeek 2012):
- Thickness (ket> 100 ft)
- Well Bounded
- Maturation (Ro=1.1t0 1.4)
- Good Gas ContentX 100 scf/ton)
- High Total Organic Content (TOE 3%),
- Low Hydrogen content
- Moderate Clay content{ 40%),
- Highlybr i ttl e shal Ratid&L cHw ghho iYsosumrg®dss Mo dul us)

As clearly illustrated irFigure8, stimulationpotential (brittleness) is one of the main
parameters determining the producibility of a shale formatiositinstress regime
together with the rock mineralogy determine the response of the rock to the hydraulic

fracturing, i.e. the stimulation potential
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Total Organic Content (TOC)

Core Analysis,
Geochemistry and
Petrophysics

Stimulation

: 8 Maturity: Ro
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Basin Modeling

Petrophysics and
Geochemistry

Formation Mech Properties
Stress Anisotropy
Reservoir Fluid

Pore Pressure

Seismic Interpretation and
Low Earth Modeling

Low Geologic Complexity

Figure 8 ¢ Parameters determining the productivity of a shale formation(Van Gijtenbeek 2012)

Mineralogy

The mineralogical content of the formatianhighly important inevaluation of any
formation, and especially important in shale formations digtermining their
stimulation potentialldentification of quartz, calcite, dolomite, type of clay, heavy
minerals like pyritesand kerogeris the backbone of mineralogical arsisy

Thezones in a formation can be classifretying on their compositionas one of the

five categories: Sand, Shale, Coal, Carbonate, or Evaporite. Also, these general
categories can be braremhinto subcategories. To illustrate, carbonates can be
classified as calcite or dolomite according to their Ca and Mg ingredients (Petmper
al. 2006).

Depositional environment can help in identifying the mineralogy. For instarseaen
deposition environments create mineralogy in favor of fracturiagthey havéower

clay contentind higler brittle minerals like quartz, feldspar and carboné@&srioso

and Rattia 201,2Ashayeri and Ershaghi 201EIA 2013. On the other hand, shales
deposited in nomarine environment do not respond well to hydraulic fracturing due
to their ductilebehaviorsresulting mainly from their high clay content (EIA 2013).
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Moreover, transgression systems in marine environment glvd ©C values, hence
show high hydrocarbon potential (Ahmed and Meehan 2016)

Thecommon sedimentatithologies of the formationgan bedetermined viaernary
diagramsof rock chemistryas illustratedn Figure9. As can be seerarbonates and
siliciclastic sediments are distinguished by the ratio of2S@0CaO. Dolomite is
distinguished from limestone by the increase in ratio of MgO instead@f@g has
another importance in identifying various clay typelRyQdich shales lie along the
SiO; and MgO axes and distinguished from quaith sandstones by the increment
in Mg-bearing clay mineralsMoreover, additional general lithologies may be
identified using element ratidegether with other specifidiagrams(Bratovich and
Walles 2016 Penper et al.2006.

High-verticatresolutionwell logs and borehole image logs play an important role in
chaacterizing the lithologies in shale formations (Pastegt.2012). Moreover, core
and cutting analys€XRD & XRF) and wireline elemental spectroscopy logging may

significantly contribute to thehale formatiomvaluation Bratovich and Walles 2016

Shale reservoirs can be categorized into three types according to their lithologies:

siliceous mudrocks, calcareous mudrocks and argillaceous mudrocks, which can be
determined using a ternary diagram with the axes of clay, carbonate and quartz &
feldspars.It should also be noted that, the mineralogy has a notable effect on
mechanical properties of these source rocks
unconfined compressive strength and minimum horizontal stress. These mechanical
properties play a ghly important role in the success of shale formation stimulation

(Bratovich and Walles 20)6Figure 10 shows the varying mineral composition for

sekcted shale reservoirs globally.

It is reported that formations with lower clay content and higher quartz or carbonate

content show higher hydraulic fracture efficiencies, i.e. higher brittleness index (BI)

Although, there is no universal equation fBt, it can be defined as a function of
Younmoddsul us and .Béi sem@&asreast iwodulisaridi gh Young

lowPoi ssonés ratio (Bratovich 2012).
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Figure 9 ¢ Ternary diagram to identify lithologies (after Pemperet al.2006

Quartz +
Feldspar

[ o]

Eagle Ford >|

Vaca Muerta >
Haynesville >
Pesidonia >

Barnett >

Shale Gas Reservoirs

Horn River >
Marcellus >

Poland >
Poland >

Calcareous . Arji(/ac’éous

Total Carbonate Total Clay

Figure 10 ¢ Varying mineral composition for selected shales (after Bratovich and Walles 2016,

modified from Passey et al. 2012).

A brief information on the modulus of elasticity is given below to go further into the
brittleness vs. ductility discussion. Together with the basic elastic modulus definition,

the two most widely used measurementof oungés modul us arand Poi
presented below.
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Elastic Modulus (Modulus of Elasticity) measures an object's tendency to be

deformed elastically, i.e. ngmermanently, when a force is applied to it. It is defined

as the slope of its strésdrain curvein the elastic deformation regio.o un g 6 s

modul us and Poissondés ratio are the two mos
formations which are fundamentally, stress per str@@lorioso and Rattia 2012,

Wikipedia 2015c). Those two can be calculated fslmar and compressional data

estimated from dipotsonic log response (Beard 2011).

/== 3)

where / : elastic modulus (Pa, psi),: stress (Pa, psi}J: strain (ratio).

Youngds modul us i$aneeassré thabaracteridethe belsayiorof

an elastic material on the direction in which a force is appkethdamentally it
measures the force (per unit area) that is needed to stretch (or compress) a material.
(Figurella) (Glorioso and Rattia 2012, Wikipedia 2015d).

s _FIA
E=—=
e DL/L, ()

where,E:Young6s mo d ulltensile stréds(Pa, gsi éxjensional strain
(ratio), F : force exerted on an object under tension (Newton, pouAdsjriginal
cross sectional area fmin?), gpL: length change of the object (m, it : original
length of the object (m, in).

Poi s s oni®a measare forocrosectional stretching of an isotropic or linear
elastic material when it stretches lengthwise and contracts perpendicularly to the
stretching Figurel11b) (Glorioso and Rattia 2012, Wikipedia 2015e).

Ve T de, ©)

wherev:Poi ssonds Uaa transverse straim), &) :,axial strain (m).

26



L
< > L
- P

L ".'

AL
F
)

z

-

(a

(b)

Figure 11¢( a) Y onodulgspssressst rain (b) Poissonbés ratio, tr

As the carbonate and quartz content of the rock becomes higher, its brittleness become
higher, hence the fraability. On the contrary, clagich lithological components result

in low brittleness indexXGlorioso and Rattia 20123ince Poisson's ratio are low (0.10

to 0.30) for most sandstones and carbonates, these rocks fracture relatively easily. On
the contray, shale, very shaly sandstone, and coal, which have high Poisson's ratio
(0.35to 0.45) are more elastic, hence harder to fracture. Shales are often the upper and

lower barrier to the height of a fracture in conventional sandstone (CPH 2015a).

The lateralextent of a fracture is primarily determined by Young's modBtiffer

rocks, i.e. rocks with low clay, high silica volumes, have higher Young's modulus and

are easier to fracture (CP¥15a, Milleret al.2011J). Lastly, essential rock mechanics
parames r s , Poi ssondés ratio, dynamic and st
Index can be easily derived from the sonic logs (Pitcher 2013).

As a reallife field example,Figure 12a shows the mineralogicdistributionfor a
Barnett Shale specimen. This specimen shows a high amoupaotz, which
indicates high brittleness, hence high fracture efficiency (Jat\aé 2007).

The mineral compositiaof various shale plays are giverfigurel2b, which clearly

shows that these plays have clay contents below 50%. Moreover, zones with quartz or
carbonate content above 50% are mmtle; hence respond to hydraulic fracturing
much better (Passe&y al.2010).
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Since the mineralogical distribution would be highly vialéa even within a horizontal
well as in Barnett, the brittleness throughout the well will be different. This brings
heterogenous stimulation efficiencies, i.e. some zones will be fractured less
efficiently thanothers will hence their contribution to gduction would be much

lower (Jarvieet al.2007).

Quartz Total Clay
0.00,1.00

JA

Clay-rich gas-bearing mudrock

0.00
1.00

Total Carbonate

Calcite

(b)

Figure 12 ¢ (a) Mineralogical distribution of quartz, calcite and clay in the Barnett Shale (data

taken from Gas Resear ch | ns etiali2007)gl) BineRkRe port No. 5086
composition of different shale plays (Passest al.2010)

Figure 13 below showsthe basicmethodology to distinguish brittle and ductile
formations by considering thremechanical propertieSince the units of the two axes

of thefigure is very different, the brittleness caused by each component unitized and

then averaged to end up with a brittlenaspercentageWhile goingright in the x

axi s, Poi sson6s whiktgoing upWardnirctheeya s € s 0 Yandgo s
modulusfided e as e s 0.

The top right portion(green dots)shows increasing ductility anthe bottom left
portion (red dots)shows increasindrittleness The greerto-red linein Figure 13

below is only a legend, showirtige brittleness in color code.
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ratio (after Rickman et al.2008)

YMS C denotes the composite determinati ol
the composite det er nTheneguatiors at the bottomaighsof o n 6 s
theFigurel3can be used to determine brittleness coefficient as perceRegienan

et al.2008)

It should be emphasized that, while brittleness of the rock increases, assuming the
stress differences atow,and thecomplexity of the fracture network increases which

brings higher recoveries. On the contrary, ductile formati@imsve more plastic and
absorbmore energy. This wilin turn bring the requirement of more fracturing
pressure, hence more hemower while fracturingHoweverjn ductile formationsthe

fractures tend to be in single-Wwing geometry;hence less complex fracture network
devel ops. As discussed above, briefly, t
Youngds modul us, t(Mehamederab20I6)R otctklbes tahbe Iriat
fail under stress is determinbgiPoi ssondés Rati o ataimingitet s cap
fracturei s deter mined by Yoeta?2008. Modulus (Ric

Before a stimulation treatment begina wide knowledge about thdormation
propertiesshould be gatheredll shale formations are unique amatl need special
treatment desigrhe itemgo be knowrprior to a fracturing jolzan be classifiethto
two main categories agomechanical and geochemical coasitions and detailed in

Table4, together with why the item is important for and how it can be determined.
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Table 4 ¢ Necessary information for stimulation treatment(after Rickman et al.2008)

Geomechanical Considerations

Important For

Determined By

How brittle is the shale?

Fluid type selection

Petrophysical model

What is the closure pressure?

Proppant type selection

Petrophysical model

What proppant size and volume?

Avoid screen-outs

Petrophysical model/Experience

Where the frac should be initiated?

Avoid screen-outs

Petrophysical model/Experience

Geochemical Considerations

Important For

Determined By

What is the mineralogy?

Fluid selection

XRD/LIBS/Petrophysical model

Fluid water sensitivity?

Base fluid salinity

CST/BHN/Immersion Test

Can acid be used if necessary?

Initiation issues, etching

Acid Solubility Test

Does proppant or shale flow back?

Production issues

Historical knowledge

Are surfactants beneficial?

Conductivity endurance

Flow test/Experience

Finally, minimum values of petrophysical parameters of a source rock to be able to
viable as a hydrocarbon producing formation pn@posed by Boyeet al. (2006) as

presentedn Table5 below.

Table 5 ¢ Minimum limits of reservoir parameters for a viable shalegas resource (Boyeet al.

Total organic content >2%

2006)
Parameter Minimum Value
‘ Porosity ‘ >4% ‘
‘ Water saturation ‘ <45% ‘
‘ 0il saturation ‘ <5% ‘
‘ Permeability ‘ >100 nanodarcies ‘
| | |
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2.1.2. Worldwide Shale Plays

As of today Qctober 2Q7), there is no commercial shale gas and oil production
outside of North America. However, taking into consideration the hard work all over
the world, this situatiomaychangesoon Explorations are ongoing in South America,
Africa, Australia, Europe and Asia (Boyetral.2011)and many countries are working

hard to transfer the shale success in North America (Ashayeri and Ershaghi 2015).

In the USA, where this revolution kickedff, Barnett, Marcellus, Haynesville,
Fayetteville, Woodford are the biggest five shale playk&US, whichestimated to
have totally 3760 Tcf GIIP and 475Tcf ERR(WEC 2010) Together with thdeagle
Ford, all the above shales are called asBlgeSix. Moreover, Utica Shale, Wolfcamp
Shale, Monterey Shal®&liobrara ShaleBakken tight oilreservoircan be counted as
the precedinglaysshowing high hydrocarbon potentialthe USA(seeFigure14).

In the preceding paragrapldgtailed informatioron the Big Six shales of USA are
given(Kennedyet al.2016)

Barnett Shale consists of two sectiptie Upper and Lower Barrigseparatetby the
Forestburg imestone. The Lower Barnett contributes ta800% of mostBarnett
well sd0 production, whi c hThe MardlelFallsdverlies t h an
the BarnettShale and acts as the barrier for upward hylrefeacture gowth. The
Viola Limestone, which show good reservoir closeastics and the Ellenburger
Limestone, whichncludes somevater (hence should bstand apajtare the lower
boundaries for BarneBhale The lithology of BarnetShaleis siliceous shale th
approximately 40% silica, 13% carbonate an&@8ay,which makes Barne®hale
highly brittle, hence responds well to hydraulic fracturing. Ageinitial productions
(IP&s) are around 2.5 MMcfd and average EgRre around 1.6 Bcf/well (Kennedy
al. 2016).

Marcellus Shale is the second shale format@mnecinto production (in 2005), which
includes also some wet gas areas. A thick layer of siltstones and shales overlies the
Marcellus asupperbarrier.Formation ithology is siliceoushale with apprarnately

10-60% silica, 350% carbonateand 1035% clay, which brings brittleness to

Marcellus, also. Marcellus wefisnitial productionsare generally higher than the
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Barnettw e | Witk @n average of 3.5 MMcfd and average Ex/Rre around 4.5
Bcf/well (Kennedyet al.2016).

Fayetteville started production in 2006 azah be called asiliceousshale.20-60 %

of the formations consisf silica, together with smaller amount of carbonate and clay.

This lithological structuréringsfair brittlenesgo the Fayetteville formation The | P&s

are around 2.8 MMcf d andKdanéiReétal.2C46).e ar ound 2.

Woodford Shale is mt a basic dry gas resource. This shale formadlen contains

some liquid hydrocarban Its lithology includes 565% silica and have a high

brittlenessThe average values for | P6s are 3.6 MMc:
The maindistinctnesof this formation is its high organic contemith a TOC value

of up to 9.86, which m&es Woodford a good source rogdenredyet al. 2016).

HaynesvilleShale began its production in 2008 with its significantly high TRR. This

shale is relatively deepand consequently havegher initial pressurs. Moreover,

this formation lashigh porosity valuesAll these superiorities bring this formation the

potenti al of higher 1 P6s (> 14 MMcfd) and hi
to previous four shale plays. Meanwhile, contrary to common belief about the

equivalency of the Haynesville and Bossi#rales, Bossier occurs generally as a

separate section above the Haynesville. The lithology of Haynesville is called as

siliceous marl and consists of -25% silica, 1540% carbonate and 36% clay,

which makes Haynesville rather ductile. Hence, the Haynesddl not respond to

hydraulic fracturing as much as other shale formations (Keneiealy2016).

Eagle Ford Shales basically the source rock underneath the Austin Chalk and
EdwardsFormation. Its major lithology consists 10-25% silica, 6880% carbonte,

and 1020% clay, which makes this formatidmittle; hence respond well to hydraulic
fracturing. |l P6s of Eagle Ford wells range u
considerable amount of condensate to the surface. Eagle Ford has three hydrocarbon

windows extendingcrossa large area. Some Eagle Ford wells are producing oil and

t h e mapPdowp to 2500 BOPD. Both gasi@ oil wells in Eagle Ford havagh

EUR values, consequently this play is one of the most active shale play in US with a

considerable number of running rigs (Kennedal.2016).
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As for Canadathe Horn River Basinand Utica Shales are promisingth their
estmated 1,380rcf GIIP and240 Tcf ERR(Chanetal. 2010 WEC 2010. Cordova
Embayment, the Laird Basin, the Deep Basive ColoradoGroup, MontneyShale
and Duvernayhaleare also showing significant shale gas potential (Betal.2011,

Kuuskra et al.2017).

The Horn River Basin of Canada together with the above mentBige&ix U.S.
shales, constitutes the-soa | | e d No r tmhgnificemtseven ¢kenmédgt al.
2016).Figurel1l4 belowpresents the largest shale plays of North America.

| North American shale plays
3 (aso 2011)

[ Current shale plays
Stacked plays
—— Shallowest / youngest
—— Intermediate depth / age
—— Deepest / oldest
* Mixed shale & chalk play
** Mixed shale & limestone play
*** Mixed shale & tight dolostone-
siltstone-sandstone play
[T Prospective shale plays

Basins

Figure 14 ¢ North America shale plays (aftefElA 2011b)

In Mexico, potential shalplays were used to serve as the source rock for some of
Mexi cobs | argest ¢ onv e rsbfhighpadntialrare Buegosy oi r s .
Sabinas, Tampico, Tuxpan and Veracruz which totally have an estimated resource of
2,366 Tcf GIIP and 681 Tcf TRR. First two basins are the extension of Eagle Ford
Shalein USA which produces both gas and oil, hence show high potential (Bbyer

al. 2011, Kuuskra et al.2011)
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As for South America, Argentina leads the shale gas potential with 2,732 Tcf GIIP and
774 Tcf TRR Brazil follows with 906 Tcf GIIP and 226 Tcf TRR Where Chile,
Paraguay and Bolivia have sizeable potentials, Uruguay, Colombia and Venezuela
havelimited potentialgBoyeret al.2011, Kuuskraet al.2011)

Europe is also looking for economic shale gas resemveherethe geologic setting

is mwch different comparing to the North Americ&hale formations are much deeper

(1,5 times deeper), more compkaxd they cover much smaller areas than the big fields

in the US In addtion to geological difference&sconomical aspects bring another major
difficulty to development of European shale formatidfa instance the well costs

are estimated to be twice of the well castdJS. Moreover, due to strict safety and
environmental regulations, intensive henwastlier precautions should be taken
(Hausberger Hogn and Soliman 20125eny 2011 Although the continent lsa
substantial amount of estimated resources, most countries have bans or imposed
moratoriums onhydraulic fracturing(see Figure 15) together with discouraging

regulations and tax regimé@8auerova 2015)

Hereby,TheEuropean Commissidi2014) publise d a fAr ecommendati onso d
(2014/70/EU) for the member statés specify the minimum principles for the

exploration and production of hydrocarbons using figlume hydraulic fracturing

Its basic aim is to safeguard public health, climate and environment while ensuring

efficient use of resources and alleviate ptibbrcerns and possible oppositions.

Moreover, to buill a synergyconsequentlyost efficiency, there should be enough
number of activitieswhich will in turn bring equipmentand workforceto the

continent However, such a revolutiseens notpossiblesoon (Bauerova 2015).

On the other hand, to reach less carbon emission goals, reduce energy import costs and
provide the energy security, Eurameistkeep going on exploring shale gas resources,

where itis a little early to obtain thesespectsith renewables (Kosc 2014).

Considering the potential of shale resources only;sséffciency is not a possible
issue for Europe; however,any molecule of shale hydrocarbon production will
certainly reduce energy dependency of the continent (Cremehesde2015). The

possiblduturesteps in shale exploitation for Europe will be discuss&gution2.1.5.
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Poland is thenost active explorer country in Eurogee to her appearance of leading
potential.Baltic, Lublin and Podlasiebasin constitutes the most promising shaes
Poland The initial estimates obtal resource potential for all thrbasins ar&@92 Tcf

GIIP and 187 Tcf5.3 Tcm) TRR according to EIA (201d) (Boyer et al. 2011,
Kuuskraaet al. 2011). However, after leshan a year, Polish Geological Institute
(2012) estimates the TRR of shale gas in Poland asB&#&Bcm, which corresponds

to onetenth of the EIA estimate@Marocchi and Fedirko 2013, Buckley I%).
Considering the high coal propan in ker primary eergy supplyand her strong
dependency ogasimports (mainly from Russia), shale resouraeshighlypromising

for Poland (Weijermas 2013, Stephenson 2@). As of the date of this study, Polish
exploration only ended up with a series of failgtemptswhich causeinvestorsto

leavet he country without any returning si gt
support (Kosc and Snyder 201B)ore than 70 wellgvere tested and a total invesnt
reached 2 Billion USD (Buckley 201%pnly a few wells provedconomic production
corsidering the high well costsh& main problems encountered are the low flow rates
and high lateral variety of reservoir quality and productivity. However, to obtain a
wide understanding of Poland potential, approximaaelytherl hillion USD should

be invested, hence the role of regulatory and fiscal regime becomes more important
(Poprowa 2013).

France follows with her 720 Tcf GIIP and 180 Tcf TRRthe Paris basin and
Southeast basi(EIA 2011d). In Paris basin, exploratiorsse especially directed at
shale oil. However, there is a government ban acted in June 2011 on hydraulic
fracturing, which is the key for slelgas and oil productiorBgyer et al. 2011,
Kuuskra et al. 2011).Weijermanrs (2013argues thahuclear power lobby may be

the driving force behintbcal oppositiortowards the shale resources, which are strong

alternatives of nuclear power.

In the North Sed@erman basirwhich extendslang the North Sea from Belgium and
across Netherlands to Ger matons@itshalagag er n |
potential. The formations with potential anetPosidonia with 26 Tcf & and7 Tcf

TRR, the Wealden witB Tcf GIP and 2 Tcf TRRand the Carboniferous Namurian
Shaleswith 64 Tcf AQIP and 16 Tcf TRRBoyeret al.2011, Kuuskra et al.2011).
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Alum Shaleextendingalong NorwaySwederand Denmark show a resource potential
of 589 Tcf GIIP and 147 Tcf TRR (Boyet al. 2011, Kuuskraa et al.2011). Due to
conventional resource abundanceamtinental shelf of Norwayhe development of
shale resources this region, which need higher development costs, may be slower
(Weijermanrs 2013).

The PannoniaiT ransylvanian basin extending along Hungary, Ramand Slovala
is believed to be the sourcemfinyconventional reservoiis Hungary However, the

early stages of exploratiamasdiscouragingBoyeret al.2011, Kuuskraaet al.2011).

Ukraine is another country in Europe pressing ahead with its largmtgial which
may be enoughto make hema selfsufficient country for gas (ks and Snyder 2013
Stephenson 2®@). Theresource estimates anaturallyuncertainhowever,reported
values arel2 Tcf TRR (EIA 2011) and 247 Tcf GIIP (Marocchi and Fedirko 2013).

Russia, the home for huge conventional natural gas resouatesally show god

potential for shale hydrocarbons. Bazherféhvale, which is highly organic and

siliceousand the source rock for the conventional gas and oil produced from West

Siberian basinnaturally become the most prominent candidate for shale hydrocarbon
production. Bazheno®h al e6s pot ent i,24B Blliors bbleobdilasmat ed as
STOIIP, which corresponds to 74,61Bon bbl of oil as TRR. Moreover, Bazhenov

Shale is estimated to have 920 Tcf of gas as GIIP, which corresponds to 285 Tcf of

gas as TRR (EIA 2013, Kennedyal.2016).

As for UK and Ireland, the Carboniferous northern petrol system and Mesozoic
southern petroleum system contain several basifter lifting of government action

in Decembef012, which restrictshale exploratiosinceMay 2011, activities gained
pace in both systems despite the-fnatcking protests (Boyest al.2011, Kuuskraaet

al. 2011). Dueto production declines in North Sea, the import dependency of UK is
increasing and hence energy security is becoming a issie (Stephenson 26)1
However, theeconomicsf shale resource production is still a problem together with
public pressureBloombergNew Energy Financeeported the production cost of UK

gas would be as twice of US gas (Kosc and Snyder, Rdidters 202).
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In addition to numerous shale deposits across Europe, Migilyov Shale in Austria
worth mentioning here as a potential shale gas resQWEE 2010)

Fracking policies and protest sites

. . Sweden
Active licenses
Fracking banned or . Estonia .
licensing suspended " gLan - o Russia
. .. Ireland uk ven
No fracking activity Walaj} % ZPoland Delarus
(it
Ge Cze. Ukraine
1% Countries where France Aus. o

major fracking #*Romania
protests have Bulgaria
occured Portugal

Spain Turkey

Figure 1571 Active licensesand fracking bans throughout Europe(after Gilblom and Patel 2014

In Africa, there supposed to be numerous shale basins with hydrocarbon potential.
However,in North Africa(Algeria, Tunisia and Libya)whereconsiderable amount of
conventional hydrocarbon resengsst, shale oil andghak gas exploration have little
importance and economic consideratibimlike the above three countries, Morocco
has little conventional reserves hence exploration activities in shale deposits are
ongoingnamely in the Tindouf basin and Tadla basin withtaltestimated resource

of 266 Tcf GIIP and 53 Tcf TRR. As for South Africa, the Karoo basin containing
EccaShaleGroup has a significant volume 0f8B4 Tcf GIP and 486 Tcf of TRR. In

short, much of the Africa remains unexplored (Bogtml. 2011, Kuuskra et al.

2011).

India and Pakistan also have organah shales with total resource potential of 496
Tcfand 114 Tcf of TRR, respectively. However, due to tectonic activities, these basins
are geologically complex. Where, the Cambay basin, tiehKaGodawari basin, the
Cauvery basin and the Damodar Valley basin are promising for India, Southern Indus

basin is promising for Pakistan (Boysdral.2011).
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China, not surprisingly, Isaan estimated resource potentt@mparableto that of

North America with 5,101 Tcf GIIP and275 Tcf TRR. The two considerable basins,

the Sichuan basin and the Tarim basin have thick, orgaicshale deposits with
large areal extensions and good reservoir characteristics. Sichuan basynetztke
interest dugo gas production irtests of exploration wells. Moreovats low clay
content makethem easy to stimulate. Mever, itshigh structural complexity with
extensive folding and faulting Imgs risk for future developmems for Tarim basin,

which served s the source rock for conventional carbonate reservoirs of the region,
promise great potential. However, due to arid conditions being beneath the Taklimakan
Desert, sourcing waterf@racturing will be difficult(Boyeret al.2011, Reuters 2010

Australia has been producing her tight gas and CBM resources for a long time, which
has highly similar development procedures (equipment, techniquesyi#tc3hale
resources andemce shepossessethe experiencéor shale developmenCanning,
Cooper, Pertland Maryborouglbasins are estimated to hol®81 Tcf GIIP and 396

Tcf TRR. Beetaloo basin and Georgina basins are also pron{Boygret al. 2011,
Kennedyet al.2016).

Figure 16 and Table 6 below are excerpted from EIA (2013) and presents the
worldwide shale gas andhale oil basins and the TRR volumes, respectively.
Unfortunately, due to lack of exploration or published datzide North America,

evaluation of these resources contain very high uncertainties (Boge2011).
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Figure 16 ¢ Global assessedhale gas andshale oil basins (after EIA 2013)
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Assessed basins without resource estimate
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Table 6 ¢ Assessedvorld shale gas andshale oil resources &fter EIA 2013)

Technically Recoverable Technically Recoverable
Shale Gas Resources Shale Oil Resources
(Tcf) (Billion Barrels)
1 U.S. 1161 Russia 75
2 China 1115 U.S. 48
3 Argentina 802 China 32
4 Algeria 707 Argentina 27
5 Canada 573 Libya 26
6 Mexico 545 Australia 18
7 Australia 437 Venezuela 13
8 South Africa 390 Mexico 13
9 Russia 285 Pakistan
10 Brazil 245 Canada 9
11 Others 1535 Others 65
Total 7795 Total 335

Last but not the least, contraty all these countriegivesting in unconventional
resource exploratignOPEC (Organization of Petroleum ExportingCountrie$
members,home ofgiant conventionalhydrocarbon reservoirs, have not turn their
attention to unconventional resourges Although there is littlenformationand data
about unconventional resources of this regtbeory suggests the existence of huge
shale resources due to the natural proximity of source rock resources to conventional
reservoirs (Ashayeri and Ershaghi 20148 stated in their website (OPEC 2016 t
main objective of OPEGs fito coordinate and unify petroleurpolicies among
Member Countriesn order to secure fair and stable prices for petroleum producers;
an efficient, economic and regular supply of pletum to consuming nations; and a
fair return on capital to those investing in the industHence, OPEGnustkeep the

oil pricesat an optimum level to prevent rapid exhaustion of theseremmewable
resources, provide a stable revenue to net exportewsseneconomics are mostly rely

on oil exports, while keeping an economic and regular supply to importing countries
(Ashayeri and Ershaghi 2015}onsidering the -fold increment inoil consumption

of OPEC countries in the last four decad@ately et al. 2013, invesiment in
technology and mostly in shale resourisesompulsory for OPEC countrieson
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Hereby, it would be beneficial to briefly mention about the global market share war,
which will clearly illustrate the effect of shale oil and shale gasheglobal oil and
gasprices and the market share. After October 2014, the gegtekf shale oil boom,
global output was hovering higher than the glokabply; hence,this oversupply
caused a market share competition between producers, and especially between
conventional and unconventional producé&snsequentlyoil andgas pricesowered

and started teruise at low levels around $40/bbFor thespecifiedperiodof time. At

first OPEC dd not want to cut their supply in order not to loseirthearket share.
According to The Economist (2014), Saudis veatio push high-cost producers,
especially shale oil and shale gas producers in USA, abhediusiness. This auld

in turn supposed taeduce the global supply and cause prices to incragam
Moreover, die to shargroductiondeclinenatureof shaleformations any reduction

in investmentsvill directly lead to production collapsAs it wasexpectedmany shale

oil and gas companies fildzhnkruptcyhowever, Saudi Arabia also could not afford

to keep market prices at such low levielsa long terndue to high negative impact

on her budgetin addition to theseother OPEC memberswhoseincome mogdy
consist ofoil exportswere in a similar situatiarit last OPEChad todecdereduang

the output by January 1, 201and dterwards market prices started to rise above
$50/bbl. This increment in market pricgesturn encouragedhale oil producers, who
improved productin efficiency and reduced breaalen pricesincrease their activities

and ramp up their productidhlussein 2016)

As a consequenc#je balance between prices and the activities, hence hydrocarbon
output has beeprovided. Br a relatively remarkable time, oil price has been hovering
around $50/bbl (at least at the time of writing this dissertation,{.guarter of 2017).
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2.1.3. Factors PreventingReplication of Shale Success of North America

The nullity of shale formation production out of North America is most probably

related to the unfavorable economic conditions rather than the absence atipeodu

shale basin. Although European shales are much deeper and have more complex

geologic character, these ploemena do not make these shales-pmductive, they

only bring higher costdn addition to economics, which tee maindifferentiating

factor of North American success from rest of the glotbee remaining favorable

factors of North Americare listed belowy combining the thoughts ddileset al.
(2012)and Kefferpitz (2010):

1)

2)

3)

4)

5)

6)

Landownerésharein mineralsrights in USA, contrary to the most of the globe
Outsideof theUS; residents experience threubles, butlo not get much benefits
Hence public support on shale resource developnsehindered.

Lowdrilling and completion cost® North America

The most costly part, drilling and completion 3stimes higher in Eurap
Moreover, especialliaborcosts is much higher in Europe.

Availability of equipment and the supporting supply chain

Where US has more than 2000 drilling rigs, Europe has only around 50. Hydraulic
fracturing fleet shortage is more severe than drilling rigs.

Knowledge and experienbaiilt in North America

Most of the globe lacks reliable geologic data and have Vigtg shale
experience

New opportunity deisking is carried by naltiple small independent companies
Theylearn, innovate and share successful practideseover, small companies
are fast irdecisionmakingand they are more risiolerant.

Population density, competition for water resources, emerging public concern
These argowerful barriers fotherest of the globe especially in Europecan
alsobe argued that environmental awarerisdsgher in Europe than in the US.
Moreover, Europe is-Bmes more densely populated than the US (Gilblom and
Patel 2014).

41



The 29 and ¥ items are directly related to the highdgmpetitive, well developed,
high-tech oilfield service sector in the BS(Cui et al. 2014). A large work
commitment in Europe may help to relocate suitable equipment and skilled labor force
to the continent (st & Young2013).

As for the %' item, Meisenhelder (2013) states that there is not much place having
tolerance for failure outside the US. There would be very few national or international
operators willing to drill hundreds of expensive wells before achieving economic

production.

In North America, generally thirparty companiesnvest for the infrastructure,
contrary to the rest of the glol&&ince,infrastructure burden for global unconventional
resource development means mianiger materiality requirementhis issue become

anothersignificant reason lies behind North American success (€ilas2012).

For the ' item, environmental concerns, Heinz (2013) argues that most of these
concerns are caused by misperceptions. For example, chemicals, groundwater
pollution, seismic actividon or uncontrolled methane release to the surface are only
perceived risks, i.e. there is not any physical support for these phestanberhappen

in Europe, where the real risks are transportation (traffic risks), water management or
land usage risk$or which the impact minimiation cautions should be takearefully.

As acomplemento 6" item, the population density near shale prospects is not entirely
a coincidence since the shale layers are related to the coal measures as in-Bowland
Hodder ShaleSincecoal fueled the whole ¥9centuryand the industrial revolution

proximity to coal depositencouraged the human settlem@tephenson 2@).

Lastly, it is worth mentioning that mainly shale oil astthlegas production is most
attractive for twotypes of countries. The first type are those highly dependent on
hydrocarbon imports and have a rich hydrocarbon infrastructure (e.g. France, Poland,
Turkey, Ukraine, South Africa, Morocco and Chile). The second type are those having
large shale oil anshalegas reserves together with infrastructure (e.g. Canada, Mexico,
China, Australia, Libya, Algeria, Argentina and Brazil) (EIA 2011d).
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214. Tur key 0s S lslmale@as Pbiehtiala n d

Lease acquisition is highly different in Turkey thansitin North America. Turkish
government owns all the minerals, hence to pick up a block, a company has to either
farm in to another companyds bl ocakd or ma
waterresourcess another challenge in Turke@ntheotheh and, Tur keyds Vv
of natural gas brings high quality and broad range of infrastructure, hence easiness of
transportation issug¢3aylor 2010)

According to an article investigag unconventionakesources in Turkey by Taylor

(2010) TransAtlantic Petroleum Ltdexpresses their intéon of applying North

American shale knoviow to Turk¢ 6 s unconventional resour
CEO Mr.MatthewMcCann evaluates Turkey as one of the best reserve yield per dollar
invested asdr unonventional resourcg3aylor 2010) He summarizes their plan as
utilization oft h e ¢ o myreess proved strategy of vertical integratoa the

western technology Turkey Tr ans At |l anti cds target i s no
They also focus ommprovement of recovery factors in conventiomeservesin

countries having stable fiscal regimes and net ingguf hydrocarbons. This also

makes Turkey as one of the promising countries for an oil and gas company.

Moreover, a vertically integratecbmpany has the advantage of utilizing their own
equipment in drilling and stimulatiarperations, whichrings pace and cost reduction
(Taylor 2010).

According to reports of EIA (2013) the Dad@hale in Southeastern Anatolia Basin

and the Hamitabat Shale in Thrace Basin are the two most promising areas for shale
resources. Moreover, Sivas and Salt Lake Basins are the preceding ones, which lack
much exploration datdhe Hamitabat and the Dagfeormations are estimated to have

a total of 24 Tcf of gas and 4.7 Billion bbl of oil BRR. Details for the potential and
reservoir parameters of both basins specifically for shale gas and shale oil are given in
Table 7 and Table 8, respectively.Lastly, he geographical location médpr the
prospedve basinsof Turkeyis given inFigurel?.
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Table 7 ¢ Shalegas reservoir properties and esources of Turkey éfter EIA 2013)

BasiniG A SE Anatolian Thrace
§ asiniross Area (32,100 mi?) (6,500 mi?)
2 Shale Formation Dadas Hamitabat
i Geologic Age Silurian-Devonian M. - L. Eocene
Depositional Environment Marine Marine
E Prospective Area (mi?) 3,540 500 150 210 680
= . Organically Rich 394 377 500 500 500
5 | nickness () g 216 207 250 250 250
2l Depth (f) Interval 6,000 - 11,500 5,500 - 13,000 | 10,000 - 13,000} 13,000 - 16,400 14,000 - 16,400
= s Average 9,000 9,500 11,500 14,500 15,000
~ ¢ |Reservoir Pressure Mod. Overpress. | Mod. Overpress. Mod Mod. Mod
St Qverpress. Qverpress. Overpress.
Q @ |Average TOC (wt. %) 3.6% 3.6% 2.0% 2.0% 2.0%
= E Thermal Maturity (% Ro) 0.85% 1.15% 0.85% 1.15% 2.00%
Clay Content Med./High Med./High Medium Medium Medium
o Gas Phase Assoc. Gas Wet Gas Assoc. Gas Wet Gas Dry Gas
E GIP Concentration (Bcf/mi?) 482 914 347 818 1041
=]
E Risked GIP (Tcf) 1024 274 1.9 6.2 255
Risked Recoverable (Tcf) 10.2 6.9 01 12 51
Table 8 ¢ Shaleoil reservoir properties and resourcesf Turkey (after EIA 2013)
. SE Anatolian Thrace
© Basin/Gross Area 2 2
§ (32,100 mi) (6,500 mi“)
2 Shale Formation Dadas Hamitabat
@ Geologic Age Silurian-Devonian M. - L. Eocene
Depositional Environment Marine Marine
'g' Prospective Area (mi?) 3,540 500 150 210
= . Organically Rich 394 377 500 500
“  |Thickness (ft
i ® Net 216 207 250 250
2 Interval 6,000 - 11,500 | 5,500 - 13,000 | 10,000 - 13,000 13,000 - 16,400
= |Depth (ft)
a Average 9,000 9,500 11,500 14,500
R - Mod. Mod. Mod. Mod.
= 2 |Reservoir Pressure
S o QOverpress. Overpress. Qverpress. Overpress.
g 8 Average TOC (wt. %) 3.6% 3.6% 2.0% 2.0%
= E Thermal Maturity (% Ro) 0.85% 1.15% 0.85% 1.15%
Clay Content Med./High Med./High Medium Medium
o |Oil Phase Qil Condensate Qil Condensate
§ OIP Concentration (MMbbl/mi?) 4.0 14.2 3338 8.0
o
ﬁ Risked OIP (B bbl) 87.1 42 1.8 0.6
Risked Recoverable (B bbl) 4.36 0.21 0.07 0.02

44




Sources:

ivas Basin

TURKEY

TURREY R q
EIA/ARI SHALE GAS/OIL ASSESSMENT RS $
BULGARIA =F J R
5
GEORGIA  Tilsi |

| |
ARMENIA2

Yerevan
H

IRAN

Smyrana
Joa
o & SE Anatolian
Basin
o
o €3
7 IRAQ
d SYRIA [ other Basin
A,_J"c.“'af D Prospective Basin
™ © 2013, Advanced Resources b m  City
International, Inc. il |u_ %0100 200 300 400
Vello Kuuskraa vkuuskraa@adv-res.com Dafascu:
Keith Moodhe  kmoodhe@adv-res.com / 7] 10_ 50_ 100 200 300 ‘th]es

Figure 17 ¢ Major shale basins of Turkey (after EIA 2013 prepared by ARI)

Hereby, it is suitable to mention about Topgu (2018) st udy i
probabilistically evaluated the Dad&kalein Southeast Anatolian Basin of Turkey as

can be seem Figurel7. HereachedGlIIP estimate of 88.6 Tcf as P50 value, which

nwhicm e

par

corresponds to 13.3 Tcf of TRR according to his assumption of 15% recovery factor.

He proposes to drill 5,189 wells throughout thed@&aShale, which extends through
approximately 1,264,000 acreslthough, his GIIP estimate is consistent with EIA

(2013) estimatesT@ble 8), the assmption 0f15% recovery

high for shale oil resourceBIA (2013)quotes extreme values for recovery factors of

shale oil resources aslD%relying on their US experience
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2.1.5. What is Next for Europe and Turkey?

Europe including Turkey is a very largentegrated hydrocarbomarketwith rising

demand and having an established vast infrastructure. The replication of US shale

revolution in Europe is desired by both the European coumdriéscline their energy

import dependencgndlarge oilcompanies, whictvere surpassed by small companies

in US shale market. However, the economic factors together with demographic,

political, regulatory and environmental factomshibit Europé® s unconventional
adventurgKefferptutz 2010).

At this point, it would be beneficial to elaborate on economic factors a little bit more.
Basically,there is not much tolerance to failure in Eurdpe,no one will be willing

to drill 100+ wells without any economic hydrocarbdtence, a more scientifi
approachtogether with a sophisticated project managenstiauld be utilized in
Europe.Meisenhelde2013)proposes a new approachthe name of Shale 2.0, an
effective reservoir centristrategy integrating geological, geophysical, petrophysical
and geomechanicaldata together with simulation models would provide deeper
understanding of variations in reservaindcompletion qualityin a proposed lateral

or throughout the playence, éarningcurvecouldbe built much earlieeven though
every shaleplay is structurally, compositionally and geomechanicalyque. To
illustrate, engineers manalyzeand optimize any proposed lateratioey maygroup
perforation clusters into stages thveduld befracturel similarly, hence efficiently.
Consequentlyall thesewould result in an increase in production. Moreover, with the
increased effectiveness far more production would be obtained in less tirfrerand
fewer wells.The resulting increments in EUR ahmdernal Rate of ReturdRR) from

the proposed emgeered approach maghange theeconomicconditions and help
unlock the Eurogd andTurke y ghale oil anghalegas resources.

In addition to these, relying dhe US experiencduropean countries should propose
incentives for investorsince shale exploration needs higifront capital investments
and investors need toitigatetheir risks. Tax regimes revised for shale oil and shale

gas production may be the first step for encouraging inve@tassand Kilian 2013)
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2.2.ShaleFormation Characteristics
2.2.1. Heterogeneity in Shale Formations

Shale formations are highly heterogeneous and well productivity strictly depends on
reservoir properties together with completion and stimulation efficiehayeduce

the uncertainty in petrophysicahterpretations, which in turn used in formation
evaluation, sample density must be kept as high as possible (Glorioso and Rattia 2012).
It alsoworth mentioning that, as discussed abdlke shale formations show great
heterogeneity on a local scalkhereasa significant homogeneity lies in group of wells

in segments of a play (Chatal.2010).

Formationcharacterizations necessary to evaluate the production performance of
shale playsMatrix quality, natural fractures, net gas porosity are the masoitant
controlling factors of production performance (Ramakrishetaal. 2011).Moreover,

the fracture flow capabilitcan beincreased by stimulation since existing natural
fractures are activated and consequently contact area increases¢zah@g09).

Figurel8presents the sensitivity study results of Zhangl.(2009)which shows the
impact of the reservoir parameteon the production prmance.The hydraulic
fracture parameters such as spacing (300 ft), conductivity (&)mueight (200 ft)
and halflength (300 ft) wer@assumed as fixeds presentegdnost influential reservoir
parameteson cumulative productioarethe stimulated fracture network permeability
and matrixfracture sigma factofthe connection factor betweanck matrix and

fractures.

Figure 18 (a) shows the sensitivity on stimulated fracture network permeability
ranging from 0.0001 and 0.001 mBigure 18 (b) shows the sensitivity on matrix
fracture sigma factor ranging from 12 toX1@°. As for the porosity, variationsese
taken to be 0% i 0.8%. Lastly, Figure 18 (c) shows the influence il reservoir

parametersn cumulative productiocomparatively(Zhanget al.2009).

Moreover, the impact of stimulated fracture network permeability on the drainage area
can be seen iRkigure19. As the stimulated fracture network pezability increasg

the drainage area becomes larger around the well (Ztaaig2009).
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Figure 19 ¢ Impact of stimulated fracture network permeability on the drainage area(after
Zhang et al.2009)

Zhang et al. (2009) also studiedhe impact ofother parameters on cumulative

productionby keeping all reservoir and hydraulic fracture parameters fixed and the

results are presented Figure 20. As can be deducefifom Figure 20 (a), rock

compaction has a significant negative efffec the production performance. Lastly,

Figure20 (b) and (c) show thaton-Darcyflow and gas content has minor effeots

cumulative production
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Figure 207 Impact of other parameters onthe cumulative production (after Zhang et al. 2009)

As a continuum Zhang et al. (2009) studied the impact of hydraulic fracture
parameters on cumulative production and the resuldiscassed irsection 23.1.

In conclusion,the mostinfluential parameters aréhe stimulated fracture network
permeabiliy and the matriXracture sigma factorMoreover, pimary hydraulic

fracture spacing, conductivity, ahalf-lengthalso have significant influences.

2.2.2. Hydrocarbon Saturation

Generally, shale reservoirs produce little or no free water and hesessumed that

the water saturation in the pores is at irreducible level. Water saturation is generally
estimated as in the conventional reservoks for hydrocarbon saturation, a
combination of laboratory analyses, Destiark or retadranalyses, aresed (Bratovich

and Walles 2016).

According tothe US experience published in EIA (2013) reports, the production of
shale oil needs at least 125% of gas saturation in pore spaces to meet the pressure

support needed to drive the oil to the wellboie thie expansion of the gas.
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2.2.3. Porosity

Due tovarious organic and inorganic materials irdr¢m shale formations, theexist
various sources of porosity in these roc#here pores within organic matter are
formed during thermal maturatipne. result®f hydrocarbon generatippores within
inorganic matter are formed by mechanical and chemical diagenesis. Inorganic matter
pores can be classified into twq aerparticle pores which occur between grains and
crystals and intraparticlpores, whichoccu within boundaries of grains. Pore
networks dominated by interparticle and organic matter pores have better connectivity,

hence higher permeabilities (Louakisal. 2010).

Pores are importarfor storativity and transmissibility of hydrocarbons and other
fluids. Free gas irsitu and adorbed gas hsitu consisthe totalgas irsitu (which can

be measured from loglree gas occupies the pores of kerogen and matrix, together
with the open natural fractes On the other hand, water would be present aglagdo

by clay that is called as clay bound water, whechmmobile (irreducible) and hard to
quantify and differentiatd.astly, water may occupy the pores of inorganic matrix due
to capillary effects abbreviated as Pc bound able 9 (Glorioso and Ratti®2012
Passet al.2010.

Table 9 ¢ Sources ofporosity and the associatedfluids (after Glorioso and Rattia 2012)

Matrix Fluid
Free Gas
Kerogen
Adsorbed Gas
Free Gas
Inorganic Matrix Pc bound Water
Clay bound Water

Irrespective of their total porosity,naonventional reservoirs generally éih

extremely low permeability due tiheir small average pore sizesmid grainsizes;
moreover they generally shoasbsolute water wet surface character (Lakatoal.

2011) Moreover, as a natural consequence of small pore and grain siles, lstive
low pore throasizes, which lead to low permeability values, hepceductiviies
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2.2.4. Permeability

Although it is admittedthat the original permeabil#s of shale formations are very
low, the feasibility of maintaining lonrterm production is determined by the

magnitudeof the matrix pemeability, i.e. matrixto-fracture hydrocarbon suppaéte.

Researclshow that permeabilities below 100 nanodarcies define the lower limit for a
shale @s play to produce economically since the greatest limit to gas production is the
pore throats of the source ro¢kee Figure 21). Moreover, this limiting value is
independent of completion quality and gas content (Belyal. 2006).

In such ultralow permeability medium, natural fractures become highjyortant for
project economy. To take rabout of the natural fractures and increase the likelihood
to cross themindustry utilized horizontal drilling perpendicular to the maximum

horizontal stress direction (Boyet al.2006).

Generally, determinatioaf in-situ permeabilities of nanoscale is highly challenging
since core samples are generally subjected coring induced or stress release fractures.
This will in turn bring greatly overstated permeability values (Javadgioal. 2007).
Moreover, due to stsssensitive characteristic of shale permeability, recreation of
accurate irsitu stress conditions during measurement is higlitigak(Clarksoret al.

2011).
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2.2.5. Resource Thickness

Resourcehickness, together with areal extent are the two most important parameters
determining the net rock volume due to the highcertainty they embrace
Identification of top and base limits is rather easier comparing to net thickness
determination. Porosity, water saturation-offs come into concern in the latter,
however, many operator companies do not use angftaitn their estimations. Net
thickness is determined by analyzing several faciush as kerogen & TOC content,
hydrogen index, hydrocarbon saturation, permeability, porosity and fracture porosity,
rock density, lithology and brittleness index (Bipost of which are difficult to

precis¢y determine in shal®ormations (Glorioso and Ratt012).

All shale formation characteristics can vary sharply in vertical and horizontal
directions, hence the net thickness. Resemyoality shales may expand or pircht
laterally within short distazes, while gross shale thickness remains the same (Boyer
et al.2006).

2.2.6. Area

Tight gas reservoirs, which have conventional trapping mechanisms, are generally
bounded by the areal extent of the reservoir, hence in the voluesintationsarea

has a higldegree ofmportance andncertainty (Lee and Sidle 2010).

On the other hand, since shale silalegas and BCGAesourcesre continuousype
deposits, i.ethe assets are generally bounded by lease boundaries instead of the
formation extendsHigure2?2), it may sometimes be meaningless to assign uncertainty
to the area as an input of recoverable volume analysis. As stated by Haskett amd Brow
(2006), many evaluators may berced by their companidgdnistakenly to include

area uncertainty within the confines of their acreage holdings.

Details of areal extent and the location of wells also become very important in
categorizing reserves as peal probable and possible. Moreover, categorization as
contingent resources is directly related to the proximity of the producing wells and the
reservoir property similarities to the area that encloses the producing wells (Seager
2016).
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Figure 22 ¢ Unconventional resourcepotential may extend beyond the limits of the area being

assessed, hence tradition@pproaches changedafter Haskett and Brown 20()

To categorize any reservoir in proved categibishould firstlystay in the provedrea
Proved areandicates firstly he area identified by drillings either proved developed
(PD) or provedieveloped noiproducing PDNP. Secondly it indicatesthe adjacent
undrilled areawith reasonable certainty of producing econeally producible oil or

gas in the current geolmal and engineeringnowledge that is classified asoved
undevelopedPUD). Thisapproach s cal |l ed as #Aconcentric
(seeFigure 23) and offers the assignment of higher confidence to potential well
locations closer to the producing wells and lower confidence to the locations farther
away. Moreover, timing constraints shidube considered while evaluating PUD
reserves, which means new PUD wells on undrilled acreage must be drilled within a
specified time frame, which is 5 years in SEC (2008) r(Aéslelmawlaand Hegazy

2015 Henry 2015 Seager 2006

Moderate Mature

Early

key

- o
PUD

e
POSS

Figure 231 Reserve categorization methodology according to property maturation PDP:
Proved developed, PUD: Proved undeveloped, PROB: Probable, POSS: Possible (after
Abdelmawla and Hegazy 2015, modified from Guidelines for Application foPRMS 2011)
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2.3.Hydraulic Fracturing Design

As discussed earlieHydraulic Fracturing (Hydraulic Stimulation)s the second of

the two keytechnologiesthose unlock the unconventional hydrocarbon potentials

(Novleskyet al.2011).To hydraulically fraturingthe formation, vater enriched with

various chemicalsrepumped into the formationith pressuresxceeding the fracture
pressureandafterwardsproppans are placed into these fractures to keep them open.

As a result, the formationbés abilmaty to prod
made fracture netwoik the formation thag¢ffectivelyconnechuge reservoir surface

area tahe wellbore, i.e. the contact ai@trolling the fluid flow is increasCipolla

et al.200, Cipolla 2009NolenHoeksem&013).

To obtain economic production ratfem theseultra-tight shaleformations with a
matrix permeability range ofdt* to 10° mD (10 to 100 nanodaies), a very complex
fracture network should be created by stimulation treatnm{€hpolla et al. 200D).

To obtain such complexitya successful ekign of the hydraulic réctuing is
prerequisite.The major objective of alfracturing jobs both in convetional and
unconventional wellss to create fractures in the reservoir rock while keeping them
outside of the unwanted zondsduced fractures grow up and down until they are
faced with a barrier to stop growing vertically (Holditch 2006)such fracturing
operations, careful considerationafst effectiveness that minimizes operation time

and material usage very importan{CPH2015).

To optimize completions of horizontal wellBrstly determiningdistribution and
orientation of botmatural and drillingnduced fracturearecrucial andhese dataan

be obtainedbasically by image logs.Especially, characterizingdrilling-induced
fractures are useful in determining the stress variation and mechanical property
changes along the length of the lateral wellbore (Beyal.2006, Watergt al.2006).
Moreover an extensive understandinghydraulic fracture complety, interference
between fractures and fracture height groarh also wicial, in whichmicro-seismic

would be a useful togbkeeSection 2.3.5 Finally, understanding of perforation cluster
and stimulation stage contri butandosaget o t he we
of repeatable production logging would provide such vital information (Ramakrishnan
2011).

54



A fArule of t h u imdugiry up dov date @ipaepdoduttign froma
hydraulically fractired stage in a horizontal wetlay be assumed equivalent to gas
productionof a vertical well (Chaet al.2010).Moreover, 6 8 horizontal wells drilled
from one well pad can accessmasch reservoir volume as 16 vertical wells and using

multi-well pads would significantly reduce the environmental footprint (DOE 2009).
2.3.1. Unconventional Hydraulic Fracturing

The state of the art of hydrawity fracturingof unconventional formationis very
different from fracturing of conventional formations. Since conventitwydraulic
fracturing treatmentsarget planar fractures, i.e. low complexity fracture network; high
viscosity fracturing fluids (gels) are used and high concentration of largegmopp
placement is essential. On the other haydraulicallyfracturing of shaldormations
needs lage volumes of low viscosity fld, i.e. slickwater,to promote fracture
complexity (Figure 24) and low concentration of small proppants are to be placed
(Cipollaetal. 2009). Slickwater is basically composed of water and friction reducing

additives, which certainlyesult inlow viscosityand low density.

Simple Fracture Complex Fracture

// /

Very-Complex Fracture
-

=
q 4
-

-

Figure 24 ¢ Complexfracture network (after Fisher et al.2005)

The created complex fracture network encomgss8 acreg~0.2 knf) or more and
hydrocarborproduction is directly related to the number and complexity of fractures,

conductivity of created fractus@ndmatrix permeability (Cipoll2009).
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Typical hydraulic fracturing of stage in dorizontal well needsiore than halfillion
gallons of water and up twalf million pounds of proppant which are pumped at rates
of 75150 bpm DOE 2009 Freddet al. 2015. The multistage fracture stimulation
equipment consists of 120 each 2,006ip pumps, a blender;2 each sand storage

bins, a hydration unit, a chemical truck and20 workers (Beard 2011).

There are3 key parametersfi@cting the flow capacity of &ydraulically fractured

reservoir:

1) The locations of the proppants placed effectively
2) Conductivity of the propped fracturetwork
3) Conductivity of the urpropped fracture network

Researclshows that a large percentage of perforation clusters in the lateral are not
effectively being stimulated and hermeer30% of them resulted in zero contribution

to the productior{Schorn2014 Meisenhelder 201 Miller et al. 2011, Freddet al.

2015. An operator in Marcellus Shale play also reported that 2 of 11 fracture stages
contribute70% of we l | 6(Nevile ara donald 2012 Nliller et al. (2011)
interpreted production logs of 100+ horizontal shale wells and conclhdenh some
basins 2/3 of the production comes from 1/3 of the perforation cludidnge
evaluating all basins 1/3 of all perforation clusters are not contributing .at all
Moreove, Schorn (2014and Fredcbt al.(2015) noteshat40% of theunconventional

wells drilled are not economical

One of the primary reasons of inadequate stimulation of perforations is the variation
of fracture initiation pressures across the perforatesivals which leads to uneven
stimulation among the perforation clustékgaemeret al. 2014). Production logs
interpreted biiller et al.(2011)showed that 280% of the perforations in fractured

horizontal wellsn US shale basindo not contributéo production due to this issue

To overcome uneven stimulation, Kraenmeeal. (2014) proposausage of degradable
diverting agentsogether with sequenced fracturing techniqukich basicallyblock

the previously stimulated perforations for a secondeagturing job.In other words,

the flow to the least resistance path would be blocked by some chemical pills and

fracturing fluidis diverted into the unstimulated perforations.
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Zhang et al. (2009) studied the impact of hydraulic fracturing parameters on
cumulative production by assigning uat in reasonable ranges to the fracturing
parameters and checking the sensitivity of the resLits.study showed that fracture
half-length is the mosnfluential hydraulic fracturing parameter. Fracture spacing is
the second, fracture height is the third and the fracture conductivity is at the fourth
place.lt is worth mentioning thatn the studyfixed reservoir properties are uséthe

studied panmeters and theimpacton drainage area can be seehRigure25.

Hydraulic Fracture Half-Length = 100 ft Hydraulic Fracture Half-Length = 500 ft

Hydraulic Fracture Spacing = 600 ft Hydraulic Fracture Spacing = 200 ft
Hydraulic Fracture Conductivity = 1 md-ft Hydraulic Fracture Conductivity = 50 md-ft

, - “
).....

Fracture Pressure (Psia) After 20 Years

h20 1220 1820 2420 3020

Figure 25 ¢ Impact of hydraulic fracture parameters on the drainage area (after Zhanget al.
2009)
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2.3.2. In-Situ Stress Field

The extent and orientation of the fractures created and the pressure f@eded
hydraulicfracturing are all controlled byn-situ stress field which can be defined by
three principal compressive sises perpendicular to each othEhese are maximum,
intermediate and minimum principle stresskssitu stress field isa function of
tectonic regime, depth, pore pressure and moperties, whichn turn determine
stress transmission and distribution among the form@NoienHoeksem&013).

The maximum principal stress is tloverburden stress (principle vertical stress
Uoverburden), Which caused by the weight of the overlying rgskeFigure 26). Since
hydraulic fractures are tensile fractures, they open in the direction of least resistance,
which is minimum principle stress ( #min) and propagate in the plane of the
maximum andntermediate principal stress((iHmax) direction.It should benotedthat

flHmaxOis sometimes called as maximum horizontal striesace denoted &@imaxO.

Ooverburden

v

<«—F—0Omax |J Hrmax

Hmin=| O

Figure 26 ¢ Overburden stress, maximum and minimum horizontal stresseg@fter WTF 2009.

In other wordspecauseof the in-situ stress fieldf the earthjn a horizontal well
drilled perpendicular to maximum principle strefsactures are created verticaind
propagate parallel to the maximum horizontal stress (intermediate principle stress)
when pressure exerted exceeds the minimum horizontal stress (minimum principle
stress) Naturally, fractures propagate in the direction of maximum principle stress
sine they preferentially open against the minimum principle s{sssigure 27).

All these bring maximum amount of transverse fractures hence maximum production

(Beard 2011).
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Figure 27 ¢ In situ stresses and hydraulic fracture popagation (after NolerHoeksema2013)

All three principle stresses increase with depth and this rate of increase is defined as
vertical gradient (lithostatic gradient). Vertical gradientsare mainly controlled by
local and regional stressgenerallythroughtectonics, whictcause a vaation with

respect tdasin and lithologyNolenHoeksem&013).

Another concept helpful to understand the stress regime is-#itl pore pressure
whichis caused by the overlying fluid inside the pore spauesthe vertical gradient
of pore pressure is called thgdrostatic gradient. When the pore pressure within a
formation is less or greater than the normal pressure, it is called-presdsuredr
overpressuredrespectively(SLB Oilfield Glossary2015f). An increase in pore
pressure through injection of fluids wilause the rock matrix to experience a tension
andthe increase of thinsionbeyond certain limitsvill cause initiation of fractuse

in the rock matrix.

Rock strength and the pressure difference between rock and the fracturing pressure
determine the extensions of hydraulic fractures, i.e. fracture height, fractutertual

and aperture (width or openingC®PH 2015). The fracture height is especially
determined by the stress difference throughout the vertical direction. If there is not
much closure stress difference, the fracture grows much higher (Moleaaie2i016)

The concepts which determiniee induced fracturerientation and dimensions are
presented in the below paragraphs. A careful knowledge on these concepts is required

for an efficient hydraulic fracturing job.
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2.3.3. Fracture Pressureand Rock Strength

Fracture pressure also called aformation breakdown pressure or fracture
initiation pressure is briefly the pressure at which rocks breakd@md fracture is
createdTo break the rockthe fracture initiation presseimust exceed the sum of the

minimum principal stress plus the tensile strength of the(fdolenHoeksema 2013).

Fracture pressure is the pressure needed to create a fracture in a rock while drilling in

open holeWhereastheclosure stresss the pressure needed to fracture a rock through

perforations inwell-cementedcased holgewhich islower than fracture pressure

However, sometimes they are usetérchangeably or ambiguousBoth values are

function of the overburden pressure, pore pr
stresses and anisotrof3reakdown pressureis the sum othe closure stress and the

friction loss during the delivery dfacturing fluids from the surface tine formation.

Breakdown pressure can be considerably higher than closure(§irRt$2015%).

Closurestress can also be definedtlas pressure at whighe fracture closes after the
fracturing pressure is relaxedhich usually correspondso 80-90% of breakdown
pressureHigher closure stress leads to difficulties in fracturing, need formore
horsepower. An example of high closwstress rocks ishallow shalysands, which
have high Poissonbébs ratio (CPH 2015a).

In-situ stress tests (injection falff test or injection flowback test) is conducted by
injecting small volumes of fluid at small injection ratesni-frac tests) The aim is to

pump fluid at a ratesufficientto create a small fracture. Afterwards, the pumps are
shut down to determine the pressure at which fracture closes that shows fracture
closure pressure, i.e. the minimumsitu stresgseeFigure 28) (Petrowiki 2016a

Valko 2005. The naming changes according to service supplier; DBlaghostic
Fracture Injection Teytby Halliburton, MFO (Mini FaHOff) by Schlumberger
(Halliburton 2@.7). Hereby, Instantaneous Skat Pressure (ISIP) is also another
important parameter obtained by the analysispscial plots opressures obtained

from DFIT tests. Itanbasicallybeexplainedasthe differencéetweerfinal injection

pressurendthefinal pressure drop due to frictigfekete 202).
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These concepts can be clearly determined in the pressure regime chart of a fracturing
process. Pressure continously increased while pumping at a prescribed rate and at the
fracture initiation pressure, formation is cracked and fluid flow started into the
formation through fractures Afterwards, pumps are shdbwn and the resulting
pressure drop at a certain level indicateacture closure pressure While
repressurizing the formation, previously cracked fractures starts to reopen at the
fracture reopening pressure,which is higher than the closure stress. Both closing
and reopening pressures are controlled by the minimum principal compressive stress

(NolenHoeksema 2013).

Injection rate
=

Bottomhole pressure
Injection rate

5 S

g g

Lo T

shut-in - _J
flow-back
Time

1. Breakdown pressure 5. Fracture re-opening pressure
2. Fracture extension pressure 6. Forced closure pressure
3. Initial shut-in pressure 7. Pseudo steady state
4. Fracture closure pressure 8. Rebound

Figure 2871 In-situ stress est (mini-frac test in cased hole or leafoff test in open hole)data
(modified from Valko 2005)
To keep thanducedfracturesopen and to extend the fracture length, dog/nhole
pressures should be kept above the minimum principal stssh isthe fracture
propagation pressure This will also assuréhat the pressure te bekept above the

fracture closre pressure, and the difference between theheiset pressurewhich
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represents the sum of the frictional pressure drop and the &digtuesistance to
propagation. Net pressuiethe energy to propagate the fracture eandbe calculated
by the difference between ISIP atte closure stresfNolenHoeksem&013 Fekete
2012).

The net pressure keeps the fracture open and alloviratharing fluid and proppants

i.e. fracturing slurry, to enter into the fractures. Th@roppants are the solid
materials, typically sand or manade patrticles, used keep the fracttes open after
pumping is stoppe¢Figure29). In carbonate reservoirs, acid can be used as the final
slurry to etch the formation, hemcreag artificial roughnesgNolen-Hoeksem&013)

Figure 29 ¢ High-strength bauxite (left), resincoated silica (middle) and lightweight ceramic

(right), are pumped into fractures to maintain open fractures for enhanced hydrocarbon

production (after Nolen-Hoeksema2013).

After the pumps stop, the fluid inside thadtures either flogback into the wellbore

or leks away into the reservoir rock (see SectiB4).

Sometimes, the treatment should be stopped due to a phenomenoisaakstbut

which is warned by a sudden rise in pressures and caused by bridging of proppants
across the fracture width and restricts filn@ flow into theinducedfracture.If the
pumping was not terminated immediately, this phenomenon ends upthveth
accumulamn of proppants in the wellbarélence, only remedy will be thedearrup

of the wellboreby a coiled tubing unit (CTU) or workover rig In order to reduce the
screenout risks, some volume of clean fluid, calleggiaak is pumped before proppant

addition irto the slurry.

At this stage, hydraulifracture designcomes into concern to obtain a desired length
of induced fractures and to optimize the fractuegght that would keep the fractures
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in the reservoir angrevenigrowth into the risky zonedVhile desiging the fracturing
operations; pumping rates, treatment pressures, fracturing fluid and proppant
properties should bearefully optimizedo achieve the targetédcture geometry and

propagationlolenHoeksem&013).

Rock Strength

Brealdown pressures during stimulatiois directly proportional to stress region
around the perforations. Sometimes high stress -wekibore region around
perforations causeligh breakdownpressures and even if they are broken down,
conductivity mayreman very low. Poststimulation production logging results
performed from individual perforation clusseshowed thathere is strong corration
between minimum ksitu stress at the perforation cluster and hydrocarbon production
(Ramakrishnaet al.2011)
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Figure 30 ¢ Stressvs. strain relationship, elastic and ductile materials (after Ricard 2015)

Static moduli measurements are performed on cores whereas dynamic moduli
measurements are either performed on cores or datagpbtaine from well logging.

The geomechanical data determine the stress vs. s#faiionship Figure30) which

in turn reveal the elasticity, brittleness or ductility of the rock. All these are the key
parameters diracturedesign,.e. determination of theesulting fracture propagation,
closure of fractures and the geometry of drainage area of fra¢Gl@soso and Rattia
2012).
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2.3.4. Fracturing Fluid s

Traditionally, CQ or N> foam treatments was the common practice for shale formation

(Barnett ShaleY r act uring wunti |l 1980606s, which is +to
shall ower shales or in | ow pressure formatio
massive fracturing treatments in shale formations using huge amowntssifinked

gels and sand proppts. Despite the considerable increase in EURs, this practice

brings high costs and marginal economics. After 19%ith Mitchell Energy,

slickwater started to be used as fracturing fluids wittnpingapproximately twice of

the volume ofellified fluids, but using onlyi0 % of the proppant volum&/hile well

performances slightly increased,st® reduced by approximately %5Boyer et al.

2006 Waterset al.20086.

Replacement of slickwater hgllified fluids allowed the fractures to become longer
andmore complexMoreover, usage of slickwater caused less damage to the formation
since no gel residue or filteake is left behind (Fishat al. 2005). Slickwater frac

fluid can easily enter into microracks and enlarges thenSlickwater is
environmenthy friendly since it contains very few chemical®wevermuch more
water is needed (WEZ010).

One possible drawback of slickwater usage is the reduction in proppant transport
ability due to settlement of dense proppants. Hence, many small crackb@walye

well likely remain unpropped ¢ee Sectior2.3.5). Onesolution is to use smaller sized
proppants, (e.g. 400 mesh) with slickwater to transport the proppants away from the
wellbore (Mohameet al.2016).This settlement problewas the case faome plays

other than the Barnethind operatorfound another solution. @nmercial agentsan

be used(e . g . S ¢ h | ClearBRAC,gFBberBRAC) to keep the proppants
suspended for extended time periods and keep them in the fractures until they are

closed down (Boyeet al.2006).

Lastly, the efficiency of slickwatein shales wagroved by refracturing practice.
Mitchell Enegy begin refracturing their wells and the success ratio in wells initially
fractured with gelled fluids are mudhigherthan the wellsinitially fractured with

slickwater (Boyeet al.2006).
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On the other hananore gelamay beutilized at the end of a stage to transport higher
sand concentratioradlowing higher fracture conductivity in some case$fo promote

greater conductivityn liquid rich wells(Beard 2011).
Fracturing Fluid Recovery

After the fracturing operation, thejected fracturing fluid used to create the fractures

should be recovered at t he sufloivleacke. f aci | |

The recovery of the fluglused during the fracturing proces®. the flowback of
fracturing fluidsvia gas produced from fractured formatida another important
aspectaffecting the formation conductivityPagelset al. (2012) stated that less than
25% of fracturing fluids are recovered back during flowback operatidhs. non
recovered fluids can hteapped in the complex fracture network and/or leak into the
tight rock matrix (Parmaret al. 2014). Becauseof nonrecovered fracturing fluid;
economic, technical and environmental problems come into concern (Maidtzado
2014).

Fracturing fluidrecoveryis adverselyaffectedoy three basic parametéarmaret al.
2014) the first one igapillary force whichdepends on the interfacial tension between
the fluids(fluids and gasand the wettability of the proppants us&tie second one is
viscousforce that depends on the displacement veloaity themobility ratio, i.e.
increasing the viscosity of fracturing fluids reducesfline recovery Finally, thelast

but the most powerful one gavity force, which depends on the densitifference

and the drainage direction with respect to the gravity direction.

Acoording to the work of Parmaat al. (2014), a considerable amount of fracturing
fluid remains in the below part of the vertical fractures induced through the horizontal
wells snce recovery needs upward vertical displaceno¢ritacturing fluidsagainst

the gravityby produced gasAs for multistage fractured wells, the ts&de stages
cannot clean up as efficiently as hegle due to commingled flow badkence many
operatos drill the laterals with slight incline to improve teele clean up (Warpinski
2008).
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Low recovery of fracturing fluid, i.e. nerecovered fracturing fluigh turn leads to

loss in fracture conductivity and fracture face damage. To overcome this severe
problem Parmatet al.(2014)recommendduse ofsurfactants together with fracturing
fluids or hydrophobic propping agemisring fracturing operation¥heyalso showed

that, usage of surfactants increased the ultimatdlfratrecovery by 386 and usage

of hydrophobic proppants instead of hydrophilic doubled the water recovery.

2.3.5. Proppants

Various issues in fracturing jobs were solved with the developmeet/efal types of
proppants, which also improved final conductivities in formation. The pyramid in
Figure31shows the conductivity hierarchip, which conductivityincreases by going
upwad while costs are also increased. The crucial point ippganat type selection is
again the economic feasibylit The higher the strength, uniformness and thermal
resistance of the proppant, the higher the productivity of the well. In the conductivity
hierarchy pyramid, Tier 1 presents the ceramics, Tier 2 presents theoatd sands

and Tier 3 presents uncodtsands (Gallagher 2011).

Highest EUR, Production, IRR " Highest Conductivity
A A
High strength Tier1 - High Conductivity
Uniform size and shape Ceramic

Thermal resistant

Medium strength

Tier2 - Medium Conductivity
Irregularsize and shape

Resin Coated Sand

Low strength

3 4 Tier3- LowConductivity
Irregularsize and shape 4"~ %

Sand

Figure 31 ¢ Conductivity hierarchy pyramid for proppants (after Gallagher 2011).

Coating the silica sand with resin (Tier 2) brings higher strength to the sand and keeps
together the small particles after a possible crushing, which will prevent migration of
proppant fines. Moreover, resin coated proppants (RCP) have a lower tendency of
movingduringflow-back hence are used at the end of the treatifBetkwith 2011

Beard 2011

66



Proppants manufactured from a type of ceramic material (bauxite or kaolin clay) can
be engineered to reach superior propeifiesr 1) such as high strength (especially
after undergoing a molecular structure changing process called sintering) and more

uniform roundness, sphericity and size (Beckwith 2011).

In addition to proppant typethe proppant size, generally referred as meshisiatso
an important parameter in fracturing design. The smaller the nurape¥senting
mesh sizethe coarser the grain, sinogesh sizenumber represents the number of

holes in one inctsqg.of mesh(Beckwith 2011)

Different sizes can be used in varsostage®f a job according to needs. Coarser
proppants allow higher flow capacity, however ntagakdownor crush at lower
stresses due to lower graimgrain contact points. Moreovias for coarser proppants,
placement ito the fractures is more diffult due to their size anligher settlement
rates As for industry practicel00-meshsand is the early portion propping agent to
provide enhanced distance and hemyd to prop/plug the natural fracturd®/70 or
40/80 proppants are the predominagents used in gas shakasd 30/50 or 20/40
proppants are used emhance fracture conductivity, especially in liquids rich plays
(Beard 2011).

Un-propped fractures participateto productioronly atthe initial times of production.
However with decreasig reservoipressure, earth stresses cltsese fractures and
production ceases (WEZD10).A possibleremedy for this phenomenonusage of
low-gravity proppantsin Figure 32, one can seghe variation of conductivity in
fractures when they are 4omopped or partially propped with different strength
proppants. Bottom curvlack curve)shows the wproppedfractures in which two
fracture faces are aligned upon closing. As can be seen, above 3000 psi of closure
stress, typical to most shale formations, conductivity vanishes. As for 0.12lbim/ft
sand (bluecurve), conductivity increase®r low closure streses however, decrease
would be dranaticwith increasing closure stredse tocrushing of sands. Lastly, for
high strength proppan{srange curve)such as sintered bzite, fracture conductivity
increases significantly and this high conductivity is presd regardless of closure

stress increments (Cipolla 2009).
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Figure 32 ¢ Un-propped and partially propped fractures (after Fredd et al 2001, Cipolla 2009).

2.3.6. Fracture Mapping (Micro -seismic)

Micro -seismicrefers to determination of very small seismic evetniggered during
hydraulic fractuing. Evaluation of the output data heg§mgineersd determine the
fracture growth and coptexity. While observing the fracture growth direction, the
fracture can bedgpt in the desired zonese., fractures can bariented and located
within the reservoirpy adjusting the fracturing parameteta an extreme case,
fractuing can be terminated before enteringp anunintended zoneMicro-seismic

is performed by running highly sensitive listening deviceggeophones or
accelerometejdnto the offset wellbore in a vertical arrffyigure 33 andFigure 34)
(NolenrHoeksem&013,Fisheretal. 2005).

The micreseismic evenpattern, which shows the rock bratewn locations by
hundreds of dots, is developed as fracturing continues and as a result, fracture azimuth
and dimensions are revealédgure 35 presents an example for mieseismic event
pattern for two cases from Barnett Shale fracturing jobs. The first one belongs to usage
of crosslinked (XL) gel frac and the second one belongs to waser refrac. A

simple conparison of both cases clearly shows the superiority of water as fracturing
fluid if the complex fracture network is the primayective (Warpinsket al. 2005,
Cipollaet al.2009a).
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Figure 33 ¢ Micro -seismic operation fieldschematic (after Martinez 2012).

Microseism  ___-—— /Receivers

Reservoir

Fracture

Figure 34 ¢ Micro -seismicevent location (after Fisheret al.2005).
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In this example,ite SRV of XL gelfrac is 430 millioncuft, where it is 1450 million
cuft in waterfrac refrac and thidifference in SRV resulted in twice the production
rates in watefrac comparing to XL gel fracGenerallyin shale formations, larger and
more complex micreseismic event patterns show better production profiles
(Mayerhoferetal. 2010, Cipollaetal. 200%).
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Figure 35 ¢ Micro -seismicevent pattern comparison of XL gel frac ad water-frac re-frac

treatment in a horizontal Barnett Shale well (after Warpinski et al. 2005 Cipolla et al.200%)

It is worth noting that, whilamicro-seismic determines the initiated fractures and
fracturegeometryoverall effetiveness of the fracturing caot be anticipated since
location of the proppant and distribution of conductivity withiatural or induced

fractures cannot be measuredp@la 2009 Clarksoret al.2011).

Moreover, understanding the creafescture geometry is essential to improve the
future treatments and drilling programs. Recensliyrfacetilt and downhole-tilt
fracture mapping technologies aa#so used tocharacterie the created fracture
geometryby analyzingthe measured deformations at the surface and dislocations in
the subsurface during fracturingigure 36 represents the usage of these highly

sensitive device® determine the fracture netwaikisheretal. 2005).
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Figure 36 ¢ Deformation pattern resulting from hydraulic fracturing (after Fisher et al.2005)

At this point, another concept called EPV (Effectively Pregi¥olume) comes into
concern, which is the fraction of SRV that has been effectively propped open and
capable of flowMicro-seismicrecorddocations of every micrgeismic eventluring
stimulation, however does not identifies the type of rock movement. In dettél,
micro-seismic signals indicate both tensile deformation (fracture faces move away
from each other) and shear deformation (fracture faces slide past eachantlyer),
tensile deformation brings an open space for fluids and proppkntsinf and
hydrocarbon flowout. To quantify EPV, hence estimate reservoir drainage, moment
tensor inversion (MTI), which is an advanced seismic signal processing technique
differentiatng the components geomechanicaleformation, should be used together
with geomechanical fracture modeling. In summaiyore careful estimation of EPV
provides a better understanding of fractuetlme, whichis propped andapable of

flow. This will in turn brings the optimization of well spacing, maximization of

production andhence maximunmvestment return (Maxwe013)
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CHAPTER 3

CONVERTING UNCONVENTIONAL P ROSPECTSTO RESERVES

3.1.Special Characteristics ofShale Formations

Extremely low permeability(nanodarcies)which results in no#inearities in
equdions ultrafine matrix pore structure (nanoporesyptic diffusion effectsstress
dependent permeabiliand porosig, molecular adsorptiodésorptiorandhorizontal
wells with complex fracture networlare the most eminent issues those make

unconventional plays really unconventiofidbuze 2013Clarksonet al.2011).

3.1.1. Adsorption and Desorption

Adsorption refers tothe gas accumulation at the walls of a solid which results in a
molecular or atomic film on the walls. Not to be confusdasorption is the trapping

of a substance within another substance (Glorioso and Rattia 2012). Absorbed
molecules are taken up byethvolume, not by the surface as in the adsorption
(Wikipedia 2053). Desorption is the reverse of both process, i.e. expulsion of gas
(Wikipedia 2016b)

Fistly, Irwin Langmuir(1918) published an equation to measure adsorbed gases in
solids. Today industry uses the Langmuir Isotherm to measure adsorbed methane gas
content by the surface of kerogdine general form of the Langmuir isothecan be
represented by the following equation:

V3P
gc_ P+P|_ (6)
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where,gc : adsorbed gas content (scf/toR); original reservoir pressure (psi&), :

Langmuir volume (scf/tonlL : Langmuir pressure (psia).

Langmuir volume (V) is the volume of gas adsorbed to infiqpessurgwhich is a

function of organic richness and thermal maturity of the shalegmuir pressure (P

is the pressure athich onehalf of theLangmuir volumecan be adsorbedn lother

words,it shows how readily the adsorbed gas is released as a function of decrease in

pressure The Langmuir isotherm curve iRigure 37 describes the fregas and

adsorbed gas equilibrium as a function of reservoir pressure at the isotherm
temperature. This isotherm is measured at a set temperature ankviegD®@ence,
corrections should be applied for temperatur
and Rattia 2012Donget al.2013 EIA 2013.

100

oF Langmuir volume

a0k Gas volume at infinite pressure
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pressure
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Figure 37 ¢ Langmuir isotherm used to estimate adsorbed gas conteraffer Boyer et al. 2006).

Since nore gas is stored in the matrix porosity at high pressures, free gas production
contributes much more than the desorbed gas at early producing. tMiaeover, in
ultraslow permeability formations like shale, it may be veryfidilt to capture
adsorbed gasven if there is a considerable amount of adsorbedgasplace This

phenanenon is a result of adsorption equilibrium (Sam@l.2015)
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Core analysis experiences showed that mature, thermogenic shales are predominantly
saturated by interstitial gas and adsorbed gasttutes a volume of 50 to %0 On
the contrary, immaturdgiogenic shales are predominantly saturated by adsorbed gas

with smaller amounts of interstitial gas (Bowtral. 2006).

Although, gas desorption denot bring too much volume to the ultimate recovery in
shale gas formations, it should be reflecteth® production forecasts or should be
defined to the model to match the real producbehavior In today sommercial
simulators, shale gas modules are includddnce, ly providing the Langmuir
Isotherm of théormation to the software, deption issuecan be simulated with high

confidence.

Coal Gas Tight Gas

~100 % Sorbed ~100 % Free

< —>
SHALE GAS

anywhere in between

Figure 38 ¢ Sorption isotherm for different unconventional gas sourcegafter Van Gijtenbeek
2012)

Adsorbed gas is relatively important in shallow and highly organically rich shales
whereas free gas becomes more important in deeper, high clastic content shales
(Kuuskraaet al.2011) The sorption amount for different shales and the comparison
with CBM and Tight Gas are illustrated Figure38.

Lastly, due to its latéime contribution to the production, adsorbed gasounthas
minimal impact on shalplay economicshowever it hasconsiderable impact on GIP
calculationdAhmed and Meehan 2016).
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3.1.2. Stress Dependent Conductivity

Although all materials deform less or more under stréessdependent conductivity
becomes meaningful only for stress sewsirocks likeunconventional reservoirs in
which porethroat sizes are especially low. As reservoir pressure declines, i.e.
hydrocarbons are produgagubrosity and permeability of the rock reduceke stress
sensitivity of the rock directly proportiontd the permeability of the rock in concern

again due to low porthroat sizegHolditch 2006)

Figure39 belowshows the effect of net over burden (NOB) pressure on permeability
valuesby comparing the permeabilitie§various ore plugsatNOB pressure (axis)
and atambient pressurgx-axis). As can be seen, lower permeability rocks are more

stress sensitive due to their smaller pitn@at diameter@-olditch 2006.
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Figure 39 ¢ Gas permeability at NOB pressure vs. gas permeability at ambient pressure for
Howell No. 5 and SFE No. 2 Travis Peak cores (after Holditch 2006)

As expected, nrproppednetworkconductivity is highly dependent on stress variation,
and the sensitivity to stress is highly inve
ot her words, especially with | ow Young6s mo:i
dependent fracture conductivitesults in reduces ultimate gas recovéiigure 40
clearly presents effect of closure stress an
(different Young 6 s mo d ul u s Pecreas€ih ainprdppesl nfradturec

conductivity can be seen in the softest rock.
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According to Cipollaet al. (200%) |, with | ower Youngods modu
fracture conductivity becomes significant as drawdown in thetura network

increases with production time. Hence, the drainage of tight matrix rock, i.e. ultimate

gas recovery, significantly lowers. On the other hand, initial well performaneset

affected from stress dependency. A potential side effebtsgbhenomenomvould be

optimistic gas recovery forecasts while they are performed with initial well

performance data {2 years).

Both gas desorption and stress dependent network fracture conductivity affect the late

life performance of the formation.
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(after Cipolla et al.200%)

3.1.3. NanoporeConcept

Shale reservoirs form within the fine grained sedimentary rocks, called as shale or
mudstonewhich are rich in organic material. As stated, these rocks have very small
pore sizes, thus have very low permeability. As a consequence of thidowltra
permeability and adsption phenomenagas cannot migrate to a more permeable
reservoir. Hence, shale formation plays all the roles itself, namely the source rock, the

seal and the reservoir (Sehal.2015).
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Contrary to conventional sandstone and carbonate formations with poreirsizes
micrometer rangeshale formations hav&uch smallepore sizesn the nanometer
rangein both organic and inorganic mediuas illustrated irFigure41 andFigure42
(Javadpouet al.2007,Sunet al.2015, Ozkan 2012

Since themethane molecules with sizes of 0.38 nm flow in th&55 m sized
nan@ores(Louckset al.2009)(Figure41), agood understandingf moleculetransfer
through nanopores in both organic and inorganic medium is essential to model the
overall hydrocarbonflow mechanism in shale formatiorfSun et al. 2015 Ozkan

20195.

5 nm Pore

CH,

5nm

Figure 41 ¢ Methane molecule innanometerworld (modified from Loucks et al.2009

Nanopores of shale formations bring special flow characteristics by playing two

different roles. Firstly, for the same pore volume, the surface area would be much

|l arger than in micropores, since surface are
Becauseof this large exposed area, large volumes of gas desorpaproccur

Secondly, slip flow dominates the flolehavior which will be discussed in the

following sectionin details(Javadpouet al.2007)
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Micro-pores Nano-pores

(Darcy Flow) (Slip Flow)
Conventional oil and gas Shale gas
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k=1mD 1uD = k=10°nD
Tight gas

1um = dp,e = 10 um
TmD =k =1uD

Figure 42 ¢ Porosity and permeability ranges(after Javadpour et al. 2007, modified by Ozkan
2012

Gas molecules stored in the pores in three different wi@ysto flowby disturbing

the equlibrium, i.e. opening the wellAlthough there are overlaps, the order fug t
stored gas to contribute to the flonais follows:Firstly, the fredy compressed gas in

the pores. &condly desorption of the molecules on theface of the kerogen walls.
Thirdly, diffusion of the dissolved gas in the kerogen materials to the kerogen surface
(this is different from Knudsen diffusipndue to resulting difference in the
concentration between the butif the kerogen and its surfagéavadpour 2009).
Moreover,Javadpoueet al. 2007 well illustrates their view on the flow in different
pore scales as ihigure43.

Macroscale Mesoscale Microscale Nanoscale
(Hydraulic fractures) (macropore/microfractures) (Nanopore network) (Adsorption sites)

Turbulent flow Darcy flow Slip flow/diffusion Desorption

Figure 43 ¢ Different pore scales and gas flow in shaldafter Euzen2011, Javadpour et al.2007)
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3.1.4. Special FlowBehaviors

Contrary toDarcy Flow (No-Slip Flow) in conventional reservoir§lip Flow is
dominant in nanoporous structure of the shale formatieesHgure44). Since the

mean free path of the methane molecules is smaller than the nanometer scale pore
radius, gas moleculesllide along thewall of nanopores duringgansport (Albcet al.

2006). CH molecules form a dense, liquid like adsorption layer with a thickness equal
to molecule diameter (0831m) and covers the internal surface of the nanopore walls.
Moreover, a less dense and more mobile phase transition layer occupies remaining
space in the nanopores still under the influence of the wall. This thickness of the
transition layer is twice the otecular diameter. Hence, mass transport through the
nanopores occur with three @htolecule thickness (14lnm). At this pointKnudsen
diffusion comes into concern to define this gas transport enhancement phenomenon
under the influence of the wallhis phenomenorannotbe modeled by conventional
constant permeability convection model, i.e-stip boundary in the continuum flow
regime is not valid in the nanopores (Satral. 2015,Javadpouet al. 2007,Clarkson

et al.2011).

(@) (b)
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\
/

U = Umax - ~

Q
f

Figure 44 ¢ (a) Darcy flow (no-dlip flow) in micropores and (b) Gasflow in nanopores €lip flow)

(after Javadpour et al.2007)

Knudsen numbe(K,) is a dimensionless paramethat determines the degree of
invalidity of the continuum model, which is basically defined as the ratio of the-mean
free pathof moleculesi & 0 a n ddiambten dfdavadpouet al.2007).

/
K =—
" d ©
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w h e r emeanfee path of moleculesl : pore diameterks : Boltzmannconstant
(1.3805 x 162 J/K), T : temperature (°K)P : pressure (Pa}i : collision diameterof

/[ =

the molecule

As can be depicted frofgn. 8§ the averagenean free path, hence Knudsen number
IS inversely proportioal with pressure and directly proportional with temperature.
Moreover, Knudsen number is smaller at larger pores (Javadpal007).

At low Knudsen numbers (K< 0.001), the neslip boundary condition in the
continuum flow is valid, however, at high Knudsen numbers (0.0034 < 1), the
continuum approach becomes invalid (Javadmbwal. 2007). Figure45 presents the

dominating flow regimesor different Knudsen numbers.

No-Sli Sl
(‘m?dlst}] 15 C'OIISC{}][JIOHS
[l 1

! o 114 ! . 141 - | ~ -
Co (1:1\1%11111 ﬁ})la Tr apsrétagnal Flee—%{g{sulﬂal
L A

OGK_II l(l)'a

10-1 100 101 Kn-) o
e 1 1 )_
<
Non-Darcy] Darcy l Non-Darcy
Flow Flow Flow
_ Macro-scale pores Nano-scale pores -
. : , >
FESt-E\'Ol\'mg Processes Slow-Evolving Processes
Fluctuations negligible Fluctuations significant N
e
. . re
Avera ging & Upscaling Pore-scale characterization
Domain-scale modeling Pore-scale modeling N
e
Bulk properties Intrinsic properties

Figure 45 ¢ Knudsen number showswhere K nudsendiffusion starts (after Ozkan 2015)

Multiple flow mechanismmare validford i f f er ent pore scal es. Fi
influence of pore surface becomes negligible and the dominating flow mechanisms

will be convection due to pressure gradient and molecular diffusion due to mole
fraction gradientOn the other &nd, as pore sizes reduces below 100 nm, deviation

from Darcy flow becomes obvious. Contribution of Knudsen diffusion to flow

increases as pore sizes becomes smaller (Javadpour 2009).
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As for molecular diffusion, mass transport is assumed to take place only between the

fluid molecules in the same phase.

Sunet al. (20195 summarize properties of the medium shale formations that flow
occurs astriple porosity system (organic nanopqreésorganic nanopores to
micropores, and micrometer scale aperture fractures) and double permegbiéiy

(organicto-inorganic material anshorganic materiato-fracture) Figure46).

Organic material
(desorption + diffusion)

Inorganic material
(diffusion + convection)

° Natural/hydraulic-fracture network
(convection)

Figure 46 ¢ Conceptual multi-mechanistic model for shale gas systems (after Senal.2015)

3.2.Hydraulic Fracturing Optimization

Optimization of hydraulic fractures at the early stages of field developmemntditie
the number of wells required to exploit the full potential of the reservoir, hence
strengthen the economics of the project (Carboceramics.com 2@kvaptimum

fracture design shoul@Beard 2011)

1) Frac the total pay interval

2) Create sufficiently conductive propped highgth

3) Create optimum perforations cluster spacinith some overlap
4) Minimize the well interference

5) Achieve largest SRV and highest RU

In the light of foregoing, fracture length and height are the two main parameters of
fracturemodeling, whickhcan beoptimizedthrough afracture modelingoftware(e.g.
FracPro Gohfer,Stimplar). The sophisticated design softwdrelpin understanding

of proppant placement, conductivity improvements and fracture dimensions.
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Especially, keeping the fractures in the zone of interest is one of theonaideration
of a fracture desigtihat can be handled by utilizing design software. Hgproeluction
can be maximizeé&nd waste of frac energy and coate preventedBeard 2011

Carboceramics.com 201)b

Another target of fracture design is to properly create high conductive adequately
propped fractures. éservoir simulationsshowed that to obtain highrgxuction
performances, higher primary fracture conductivity is requi@pdlla 2009bBeard
2011).

As discussed earlier, multistage fracturing in horizontal wells is one of the key points
in unlocking productiofirom shalesAt this point, placement dfactures in the lateral

brings another optimization paramegajayi et al.2013)

The most basic approath placement of fracturds to use astandardemplate the
geometric methqdvhich practice dividing the lateral wellbore evenly into the number
of planned fracturing stages. This approach ignores the vertical and horizontal
heterogeneityand anisotropyf petrophysical ath geomechanical characteristics of
rocks. Hence this approactyenerally end up with poor well performanse namely

about 1/3 of the perforations hasra contribution to productiofAjayi et al.2013).

A more sophisticatedapproachis grouping the perforations with similar rock
characteristics for a fracturing stage acohcentratingthe stages on thenuch
prospectivepoints Thisis called agngineered stimulatiomethod whichbring more
successand can be done by helpf stimulation design softwarby assembhg
geologic, core, production log, miesgismic, logging while drilling (LWD) data in a
3D earth modelOne ofakind of software isSchlumberger Mangrove as a plut
for Petrel After designing of where to place stages and perforation clustarsing
this type of softwareengineers use hydraulic fracture simulators to gietie

stimulation treatmes (Ajayi et al.2013).

Utilization of this second methodngineered stimulation methdastly brings higher
initial production rates, which is stated in Ajagtial.( 201 3) 6 s study as
initial cumulative production per foof stimulated wdbore lengthn Marcellus Shale

comparing toadjacent wells stimulated using geometrical method. Secondly, in the
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samestudy Ajayetal.( 2013) investigated another operato

and compared three wellbores drilled from a single pad. Two of tresestumulated

using engineered design and one of them was stimulated using geometric design.
According to theilcomparisorusing reaitime micreseismic monitoring, 35% of the
perforatons in well with geometric completion do not contribute to the stimulated
reservoir volume, whereas only 20% of the perforations in wells entlineered
completions made little to zero contribution to the stimulated reservoir vollinee.
lastexample of Aayi et al. (2013)aboutsuccess of engineered completion is from a
tight oil sandstone from Chind&he operator reported that initial production rates
increased three to foimtd comparing to previous horizontal wells. After three months,
stabilized prodation rates of wells with engineered completion are 50% higher than

any other horizontal well in the formation.

In addition to designing of fractures orderedm toe to heeln a horizontal well
fracturing in an alternating ordd€going back and forth)n a horizontal wellor
fracturing of twehorizontal wells concurrentlyworth mentioning here These
emerging techniques adevelopedo wisely utilizing theincreased stress perturbation
around the surrounding area of previous fractaras consequentlio have a better
stimulation efficiency Moreover theserecently developedhethodologies may also
be utilized to overcome some specific drawbaokise discusse(Rafieeet al.2012
Eastet al.2010.

Fundamentally, due to a single fractutes thange in rmimum horizontal stress is
greater than the change in other two principle stresses he@cstréss anisotropy
reducesThis in turnhelps in activating the plane$ weaknesgfissures andhatural
fractures)vhich are also called as secondfactures. Secondary fractures are highly
important in creating a complex fracture netwadrke 3D visualizationandthe plan
view of a fracturgresented bele (Figure47) showthe change in minimum horizontal
stress (in psi) after placement of a single fractuvoreover, significant favorable
shear stress changes occur near the tip of the fractures, whichuse activation of
plane of weakness and hence complexity in the far fidideerging fracturing
methodologies utilize thitheory as backgrounaind try to increase the efficiency of
treatmentgRafieeet al.2012 Soliman et al. 2010)
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Figure 4771 3D visualization and plan viewof stress change in minimum horizontal stress in
psi (after Rafieeet al.2012)

For example Alternating Sequence Facturing (ASF) technique(also called as
TexasTwo-Sep Fracturing after thepopular dance in Texag proposed to increase

far field complexity Fracturing treatments are performed in an alternating manner, i.e.
after treating first and second stages; a third stage is placed between the first two
stages.Stress alteration occursin the area between fractures, ite minimum
horizontal stresshanges. The initial two fractures are supposed to neutralize the stress
contrast in the area between them. Consequently, fracturing of the middle area
activates the stregglieved fracturg(planes of weaknesahd increase the complexity

of the fracture networkl he connection between the secondary fractures and the main
fractures by the middle fracture treatment can be se€@igime48. The red lines show

the fractures grow after the treatment of the middle stage (third stage), whereas black
lines represent the fractures grow with the treatment of the first and second stages.
Subsequent fracturésroughout the horizontal wellbovéll be treated using the same
procedurelf this technique is designed and applgedperly, propping of botlnduced
fractures and secondary fracturepossible Although, the sliding sleeve teablogy
(mechanical shifting of sleeves MSS) made alternating fracturing technique
available for the industry, it is very difficult to apply as a field practice. Lastby, t
creation of longitudinal fractures due to stress reversal near wellbore iDapEily
designed ASF treatme(Rafieeet al.2012 Eastet al.201Q Solimanet al.2010.
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Figure 481 Texas TwoStepfracturing (Alternating Sequence Fracturing - ASF) in a horizontal

well (after Eastet al.2010 Soliman etal. 2010.
Another widely used technique is tA¢pper Frac (also named as SimulFradter
simultaneous fracturing(Figure 49). Fundamentally, this treatment technique is
performed in two parallel horizontal wells simultaneously from toe to heel.
Maximization of stress disturbance near the tips of the fractusast ne theincrease
of the far field complexity This can be explained ahe fractures propagate
perpendicular to the lateral wellbore du@écurrence of interference between the tips
of the fractures when opposite fractures propagate towards eachHkever, a
possible change in direction of the fractures occurs when the opposite fractures get
very close and this may result in unwantedl wemmunication(Rafieeet al. 2012
Eastet al.201Q Waterset al.2009.

Lastly,another alternative is smalledM odified Zipper Frac (MZF) , in whichstages

are performed alternatingly, i.e. a stage in one well is performed just after a stage
performed in the other well in an offset perforat{&igure49). This explains why this
methodology is called after the teeth of a zipper. Anotherifip@dvantageof this
techniquas that, while waiting on wirelinto set plugsand perforate new intervails

one well, another fracturing stage can be performed in the @otblr hence a
considerable amount of time is sa &#hfieeet al. 2012, Easet al. 201Q Waterset

al. 2009.
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Hereby,CommutetFracturingtechnique and use €T (Coiled TubingJor fracturing

are also worth mentioning lastlyhe basic principle behincbmmuter fracturings to
placeheavier proppants into the weleveloped fractures to plug the passage from
these large fractures, hence the fluid stufgrced to find an alternative patiy. This
method is a variation of stalledtip screerout method, in which treating pressure is
forced to go higher to open natural fractures or break the planes of weakness. In
addition, e of CTin fracturing and especially in commudeacturing enables
controlling the proppant and fluid properties at the downholdesnand and cthe-

fly (thanks to smaller diameter of the coiled tubing, no need for waiting the entire
casing volume). This will in turmeducetreatmentrisks especially thescreerouts,
increase efficiency antelp in placement of proppants more aggressively into the

reservoir andnto the near well bore (East al.201Q Solimanet al.2010.

Tﬁx

) — — ———— p—— e
W) —— — ——— E—)

Figure 491 Fracture placement inZipper Frac technique (left) and M odified Zipper Frac
(MZF) technique (right) (after Rafieeet al.2012

Perforation Clusters and Stage Spacing

It is clearly statedby several authorgC{polla et al. 2009b,Beard 2011 Miller et al.
2011,Cheng 2012, Xiong 201&tc) that optimization of facture and cluster spacing
plays highly critical role in the well performances and project econongh
parameters affeshort and longterm production performance of horizontal wels.
this point,proper reservoir characterization such as understandiresefvoir matrix

permeabity, geomechanical properties, and existing natural fracture netisovksil.
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As an industry practicenia horizontal well to be fractured, each perforation cluster is
about 1 m of perforation generally with 6 spieighboring4-6 perforation clusters
make up a stage. Fracturing stages for a horizontal well may go upli® dtages
(Figure50).

The perforation cluster pstage and the spacing of staggage spacingre the two

important parametsto be designetbr astimulaton job ofa shalavell (Figure50).

Stimulated Rock Volume

SRV = Stage Count x Stage Length x 2 Xf x Hf

Cluster Spacing

/ Frac Height (Hf)

Stage Length Frac Half Length (Xf)

Figure 50 ¢ Stagelength, cluster spacingand SRV

Firstly, perforatiorclustes aretypically placed 50" 100 ft apar{Beard 2011,)which

can differ upon several parametévBller et al.(2011) recommends a cluster spacing

of 757 175 ft in their studyThe design of cluster spacing primarily function of
severalfactors,such as type of reservoir fluid, permeability, fractaomductivity,
proppant distribution and associated stresses (Sierra and Mayerhofer 2013). Beard
(2011) also summarized the controlling parameters for selection of greater or lower
cluster spacing as follows:

Greater cluster spang is used for: Lower cluster spacing is needed for:
- Higher permeability and porosity, - More ductile shales,
- More naturally fractured formations, - Liquid-rich plays.

- Lower stress anisotropy.
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As stated above, very low permeability reservaiesed tighter cluster spacing,
however, geomechanicptoperty changes and stress interfereoeveen fractures
may preventtighter placement offractures At this specificsituation, zipper frac
method comes into concern and provides an option to place fractures tightetphence
obtain more complex fracture netwarlgreater reservoir contagproductivity and
recovery efficiency(Rafieeet al. 2012, Sierra and Mayerhofer 203, Waterset al.
2009.

According to Milleret al. (2011 d&tady ontheUS shales,loser cluster spacing does
not bring extra productivity to Barnett wells since a wide, complex fracture system
generally is obtained during stimulation of Barnett Wels the contrary, as for
Woodford, Haynesville, Marcellus and Eagle Ford Shales, closer spacing is more

beneficial

While the number of perforabn clustersis increased, the chance to adequately
stimulate each cluster is lowered (Beard 20The main motration behind tighter
cluster spacingsi to have highet n ét i al Pe),ohdwevet Gheng @012)
claims that, increasing the perforation clusters in one stage rauesecessarily
increase the K Perforations placed too close to each other can induce fracture
interference, whiclm turn result in higher fracturing pressures and prevent creation of

dominant fractures due to uneven distribution of fracturing fluids (Metlexl. 2011).

Moreover, binging perforation clusters closer would result in strong stress
concentrationgstress shadowinj around the inner fractures ahénceineffective
fractures Narrower fracture widths are also possible results of closer chpeing,
which in turn cause problems in proppant transportatiGmeng 2012).Stress
shadowing can be explained as while stimulating the closely spaced hydraulic
fractures, stress accumulates and consequently increases the minimum horizontal
stress in the target zonEhis will in turngradually reduce the stress contrast between
the target zone and the natural barrier zones. While stimulation of subsequent stages,
fractures will grow upward (or rarely downward), hence out of the Zéigeire51 -
Stage#3 to #5).While stress accumulates in the area above or below the target zone,
fractures again start to grow in the target zqfirégure51 - Stage#6) (Dohmenet al.
2014).
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Stress concentration reaches the maximum at the time of fracturing treatment and
supposed to decay till fracture closure as pressure reduction due to fluid leak off into

the matrix. However, the pressure reduction may take extended duration due to slow
leak off and high stress may last at considerable amounts at the time of the next

fracturing stage. The industry needs to optimize the cluster spacing while maximizing

the number of fractures and minimizing the impact of stress concentrations. Current

industry practice is determined as the cluster spacing should be less than 1.5 times the
fracture height, even at this ratio the stress concentration is not negligible (Cheng

2012).

1.2 3 4.5 9 10 11 <Stagesin Sequence

I Microseismic Event Histograms for Utica WellA —> l 1

Figure 511 Stress shadowing causes out of zone fraces (after Dohmenet al.2014)

In eachlateral length, although reducing the cluster spacing will increase the number
of fracturesin the design this will not necessarily result in improved well
performances. In other words, ineffective fractures cabgesaller cluster spacing
may lead to lower gas rates and lower EUR (Cheng,2id\&adi 2015Dohmernet al.

2014).

Secondly, stage spacing typically correlates with perforation clegtacing and
typical stage legth is around 250 500 ft (Beard 2011 Miller et al.(2011) concluded

their study with a stage length recommendation of-361D ft.

Averageperforation cluster spacing and pestion clusters per stages for six major
US shalebasinsstudied by Milleret al. (2011)are given inTable10.
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Figure52 presents the increment in the number of fracturbagescontribute highly
positively to the well productivity. Moreover, one can see that the correlation with
average lateral length ampdoductivity is weaker comparing to number of fracturing
stages.

Table 107 Averageperforation cluster spacing and perforation clusters per stagéor six major
shale basinsstudied by the authors(after Miller et al. 2011)

Perforation Perforation
Basin Cluster Spacing Clusters
(ft) per Stage
Woodford 130 4.2
Barnett 183 3.3
Fayetteville 120 4.3
Eagle Ford 72 2.8
Haynesville 87 4.5
Marcellus 50 5.2
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Figure 521 Average rumber of frac stages and laterallength vs rates(after Miller et al.2011)

The study of Javadi and Mohagheg (2015) on 164 Marcellus wells also claims that,
longer lateral lengths and shorter clusigai@ng can result in higher ElSRhowever,
increasing the lateral length with same cluster spacing does not necessarily have
positive effect orEUR (Figure53). Hereby, it isalsoworth mentioninghatthe placed
proppant amount and the volume of fluid injected have a tremernhmastance in

the EUR. It is clearly presented Figure 54 and Figure 55 that, increase in both
parameterdeadsto increase in 1{gearEUR. To be more specificEUR is more

sensitive to placed proppant amount.

91



3000 -

o

=)

5

5 2000 ; ~ |

[

> -

=} /

—

e . / .

1000 -+ e 1
2000 2500 3000 3500 4000 4500 5000

Stimulated Lateral Length (ft)

Figure 53 ¢ EUR as a function ofcluster spacing(after Javadi and Mohagheg2015)
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Figure 54 ¢ EUR as a function of injected fluid volume(after Javadi and Mohagheg2015)

. G —
& C—
3000
10-year-EUR
2500 -
o«
=)
)
© 2000
9]
T
o
i
1500 -
1000 -

1

2000 2500 3000 3500 4000 4500 5000
Stimulated Lateral Length (ft)
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92



3.3.Well Design andGeometry

Each play type needs a special well design and one type does not fit all. Careful well
design considering well spacing, well geometry and optimum tubular selection is
crucial. Tubular selection includes the determination of suitable sizesetatlurgy
considering many parameters such as maximum treating pressures and rates, fracture
staging, flowback, cleanp, restimulation, well life span, liquid loading and lifting,
corrosion and futurabandonmentMeanwhile, keeping the costs as low as possible to

sustain theeconomideasibility is the core of well design (Miskimins 2008).

As for well geometry the first stepis identifying the maximum and minimum
horizontal stress directions, which can be estimated through wireline logs performed
in a pilot hole. A discussed earlier, wella shale formations should be drilled
perpendicular to maximum horizontal stress to obtain a complex transverse fracture

network.

The lateral length is the second step of the well geometry to be determined. It is
primarily drivenby economics together with drilling costs, completion edficy and
wellbore failure risk (Beard 2011n the U.S.shaleplays,theaverage lateral length

for gas wells are 3,000 to 5,000 ft and for oil wells are 6,000 to 10,000 ft (Keanhedy
al. 2016). Herebythe lateral length in turn determines the number of stimulation
stages and stimulation parametdrsTable 11, theaverage lateral tegth and stage

information by basin are giveor Big Six US shale basins.

Table 117 Average lateral length and stimulationstagedetails by basin (after Miller et al. 2011)

Basin LeLnagtterr]a(lﬁ) ;:Jn:nubIZtricc)); Stage(ft)ength EZT/?ZZE

Stages Stages (ft)
Woodford 3090 6.1 528 166
Barnett 2422 5.6 476 217
Fayetteville 2903 7.1 412 111
Eagle Ford 2176 11.8 180 100
Haynesville 4025 10.2 394 83
Marcellus 3115 10.0 308 66
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3.4.Well Spacing and Drainage Area

One of the primary constituent of field development costs is well cost, which could
be minimized by determination of optimum number of wells, i.e. optimum well
spacing without impairing net present valttowever,this optimization process is
highly compicated andcontroversial (John and Onyekonwu 201uskat (1949)
defines the reservoir engineering as tlexploiting hydrocarbon reservoirs with

maximum efficiency, i.e. maximum recovery of hydrocarbons at a minimum cost.

Theoretically; for a homogeneous, uniform and continuous reservoir, the ultimate
primary recovery is independent of well spacing (Co2001 Craze and Buckley
1945).Muskat (1949) evaluated this problem in two different perspectivehyscal

ultimaterecoveryand the economic ultimate recovery.

From hephysicalstandpoint, increasing the well number beyond a minimum number
of wells (W) to achieve maximum recovery would not increase ultimate primary
extraction. As for the economic standpoint, theran optimum well number (MVto

be determined which yields maximum economic return (Corrie, 200%kat 1949).

Traditionally, to determine a preliminary optimum well number in conventional
reservoirs, platof economic return veus well spacingor netpresent valueersus

well number araeised(Muskat1949). Corrig(2001) proposed an analytical approach

to solve this problem directly by using the independent variables; reserves, initial
production rate per well, oil price, total present value cost pkrand interest rate.

This approach is based on two assumptifirstly the wellGs initial production rate

will decline ovethelife of the reservoiandsecondlythe ultimate primary recovery

is independent of well spacinyVell spacing options with dérent densities are
presented ifrigure56.

Corrie (2001) propadan anal yti cal sol ut iswpilfiedu si ng Mus|
economic modehnd relying orexponential production declingzhichend up with the

number of wells required tdevelop a fieldThe net present value(NPV) of a field

development projeds representetly Egn. 9. Using mid-stepequationgEqrs. 10 to

15) optimum number of well§Eqn.16) could be reached
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NPV(W) =df2 N,2V-CQV- Z 9)
Severalassumptions liebehindthis approximation

- Reserves remains constant

- Present net value is after income,tax

- All investments are incurred at year zero

- All wells have same initial production rate and decline at the same rate

- Oill price is netted back ttné¢ wellhead

Nomenclatures for all equations (Eqfgo 16) are presented below.

NPV (W) NPV as a function of the number of wells, $

df Discount factor

Np Cumulative oil production during project (EUR), bbls

V Oil price netted back to the well afiecome tax, $/bbl

C PV of all capital investments per well after income tax, $
wW number of wells

Z PV of other investments after income tax, $

PV(No) Present ValuéPV) of reserves, bbls

[ Interest rate or discount rate, fraction (p.a.)

D Yearly prodiction decline rate, fraction (p.a.)

Ot Daily oil production rate per well at time t, bbls/day

o] Initial daily oil production rate per well, bbls/day

Wo Optimum number of wells for maximum economic return
W Minimum number of wells for maximum oil exiction

Where the discount factodf] could be estimated by:

df = PV(N,)/N, (10)
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Basically, cumulative productiomf) can bethoughtas:

N, = fp65Q, it (11)
Where, production rate atparticulatime () can be represented as:

q =¢ @- D)’ (12)

Replacing Eqnl2in Egn.11 and neglectingy at economic limit,he cumulative oil

production Np) from a number of wellsW) is:

_ 3650V
P~ _In(1- D) (13
Hence, pesentvalue ofNpat i nt d@disest rate i
365QV
PV(N,) = = 14

- In[@- Dy/A+i)]

First |l y,frepresenttion wWill be created by replacing Etfhand Eqn.14
into Egn. 10. Secouly, r e p | a-aniaNoyo ﬁwi3656§7V®tﬁ/Npé in the new

representation and replacing this in Egnthe following Egnl15will be obtained.

_E 3650V Q@ ¥ ﬁ ]
NPVW) “1](365Gv &y /N, J+In(1+ i)]§

CW- Z (15)

To find the maximum value MNPV (W) its derivative with respect to number of wells
(W) should be taken and equalized to ZéﬂglPV(W%W = 08.

Then solving the resulting quadratic equationigoptimum number of wells can be
defined by:

N, {In(+i)dz - [365¢ & €T An(+i)]*]
W, = — (16)
(- 365Cy )
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Figure 56 ¢ Well spacingrepresentation

Edwardset al. (2011) studied well spacing ia series ofhydraulically fractured
horizontal wells of Marcellus Shale. They monitored 508niti 1000 ft offset wells
during completion with micrseismic, radioactive tracers, chemical tracers, and
pressure gaugesloreover, they ealuaed the postflowback well performanceo
definethe interaction among natural fractures and induced fractures, which in turn
helpedto identify the actual impact areffectiveness of the hydraulic fracturd$e
study revealed thatJthoughacommunications observed during fracturing of the 500

ft wells, there is no difference in performance betwe@d ft spaced wells and 1000

ft spaced wells

In these MarcelluShale wells, radius of influence is found to be greater than 1000 ft
according to micreseismic data. However, the analysi$ohontls of production data
using a nodal analysis software suggests less than half ofalbis as the effective
frac-half-lengh. In the offset wells with 500 ft spacing, there occurs greater
communication during fracturing operatiomgwever,it ceases after the well is put
on flow-back. This communication is consistent with thiero-seismicdata, which
yields 1000 ft radius for SRV. The termination of th@nmunication isapparently

due to closing of induced fractures in these tfifght reservoirs. The production
analysis showno interference during production with an effective frac-taifyth of
150-200 ft, which is much less than SRV (Edwaetlsl.2011).
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The effect of the well spacing should also be considered for evaluating the pressure
data, since a closer spacing of wells would bring interference between wells and
lessens the tresient period, i.e. decline steepens. Hence, as advised by some authors
(e.g.by Dr. Tom Blasingame as discussed in Haskett and Jenkins,20@@)polating

early time data in closely spaced wells may bring overestimation of reserves (Haskett
and Jenkins @09).

Moreover, according to a study on HaynesvBlele by Popet al. (2010), micro-
seismianapping gives th8RV; however, it does not define the effective fracture-half
length and conductivityTo reachthis information, posfracture well performance
analysis is necessarkffective fracture lengths are generatlyorter due to several
reasons such as: the proppant placement was not effective due to embedment, spalling
of proppants, gel damage, lower proppancentrations than modeled, over
displacement of proppantsiadequatecoverage of perforation clusters limiting the

contribution of fractures.

At this point, it would be beneficial to mentian little more onSRV estimation
approachs to give a better understanding of this concept, and consequently to use in
reserves estimations. SRV can be estimated by meanscof-seismic fracture

distribution models or simulation models (Heckneaml.2013).

One major side effect arose after reducing the well spacing by infill drilling is called
as theFracture Hits (Frac Hits), which is basically occur when the fractures created

in one wellbore during treatment hainother offset wellbore, i.e. the occurrerde
crosswell communicatiortaused byracture treatmerdf one well This phenomenon
brings early decline in the welbdstrang oi |
enough to damage production itudp, casing, and even wellheadesides, theynay

affect several wells on a pad nearby padfkegulators irvariousstates adopting rules

that mandates companies to notify other operators in nearby areas for an upcoming
fracturing operation, moreoveusage othigh-pressurevellhead equipmengntailed

to prevent any risk of blowout due to frac.hdn the other hand, very rare cases
showed a production increment in the affected wells (Jacobs 2017). Fracture hits can
be handy in determination of propped Halfigth, hence, the spacing of subsequent
wells @an be optimizedCarboceramics 2017.a)
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CHAPTER 4

TECHNICALLY RECOVERABLE RESOURCE S

Technically recoverable resources (TRR) are the hydrocarbon accumulations that are
certain to exist together with the required technolamyextract it. However, this
certain accumulatiowannotbe booked as reserves until the wells are drilled and

reservoirs are developed (Holditch 2006).

Marginal economics of unconventional reservaieed reliable reserves estimations

for successful decision making, which are on the kedge (Kabir and Lake 2011).

Until today, industry do not have a consensus for how to evaluate the reserves potential
of shale oiland shale gafields. Sine these acumulations are naffected from
hydrodynamic influences, they exist @amparativelyery large areas, i.e. they are
continuoustype deposit4§SPEPRMS 2007) Since, the resulting heterogeneity is too
high, sampling density becomes highly importanictoaracterizing thee shale zones.

SPEE (2010) includesn important criterioifas one of the fougssentiatriterion)to

the definition of resource plays: AWel | s
estimated wul ti ma Thé sentences the bagkbofeEol tRes Hasis.

behind the common resource evaluation methodologies, as of todayn(26€46).
Interestingly, these reservoiase heterogeneous on a local scale, whereas groups of

wells in segments of the play show significant hoeragty. Hence, if the drainage

area of typical wells could be estimated, the required number of additional wells to

fully develop the reservoir cédibe projected. After determining the areal extémt

using the fixed lease boundarghe can estimate tloeerall hydrocarbon potential
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As is well known from conventional reservoirs, the principal techniques for EUR
determination are material balance method, numerical reservoir simulation, decline
curve analysigDCA) and volumaic analysis.While unconventional reservoirs in

concern, the robustness of these techniques are questionable.

There exist alsoanalogy method, which is estimating reserves and future production
by analogy to existing reservoirs or wells, as one of the estimation methsddso

a useful tool to use either for conventional and unconventional resource estimations
However, one&an useanalogy methoanly to have an initial insight and guess some
initial parameters when there is not enough data. The key point of this method is
finding truly appropriate analogies, i.e. analog should be at a more advanced
development stage, comptat techniques must be the same, parameters controlling
recovery factor should be similar (Lee and Sidle 2&GEC2008).

Material balance method is a very useful tool for conventional reservoirs, especially

for volumetric gas r ¥EpTharevariwo main(@isumpteoms and Onu
behind this method; unchanging drainage volume and stabilized (boundary

dominated) flowHowever, due to very long shirt time requirement of atabilized

drainage volumeén ultra-tight shale formations, material balance methadtnot be

useful In other wordssince obtaininga single reliablereservoir pressuréom an

individual well to represent the reservoir as a taskearly impossible, using the

material balancenethod tocalculae the volume of a shale formatiaunpracticabr

any attempt will result in too low volume estimates (Lee and Sidle 2010).

As for the volumetric methods, there exists a huge uncertainty in recovery factor
parameter and the actual drage area (Baihlgt al.2010). Shale playgenerally have

low geologic risk contrary to their high commercial risk. Moreover, large uncertainties
exist in geologic and engineering data, hence in the results of estimations using these
data (Dongetal.2013 . As stated by Tujan and Onur (20
assessed carefully by utilizing probabilistic approach, especially when unconventional
plays are in concerrRrobabilistic approach could either be performed via random
selection of each paramet® calculate outcomes, known as Monte Carlo Method

(MCM) or via an analytic method called Analytic Uncertainty Propagation Method
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(AUPM). Details for uncertainty assessment methods can be found in the appendix
part of this dissertatioOnur 2010).

Numeical reservoir simulation has proved itself, especially for data rich fields. Future
well productions are estimated fair enough, where the physics of shale gas production

mechanism is welknown (Baihlyet al.2010).

On the other handpuong (20D) argues that, although pressure initialization in
simulation modeling is based on an equilibrium state with the fluid gradient, field data

show a disequilibrium state for pressure transition through a shale gas zone.

Last but not the leagdgecline curveanalysis (DCA)is areliableindicator ofestimated

ultimate recovery (EUR) as it is ithe conventional reservoirs. Moreover, its
simplicity in application made it the most frequently upeaductionforecastingool

for shale formations. Naturally, ralle production data are vital to utilize DCA.
However, DCA applied for conventional reservpirs. Arpsdmethod, is insufficient

to represent the flowehaviorof shale formationandthey have certain shortcomings.
Above all, Ar psd boanddrnydothinates floaw pepidd,ihoweverd, e f o |
wells producing in shale formations exhibit transient flow period, which can last for

the first several years. Moreover, these wells hadaéar and lineaflow regimes

that may dominattheir entire production life. However, these flow regimes are absent

in conventional wells (Freeborn and Russell 2012)

Several authors (llk et al. 2008, Valko et al. 2009, Duond@?plopose moreecent
empirical method$o overcome th&e shortcomingsdowever, he utilization of these
emerging methods came short duedmplex equations to be solved and hence these
methods implemented in some commercial software (d$.Markit DeclinePlus)

(IHS 2017).In this dissertation both Arpd method andhese emerging empirical
methodswill be discussedand their strengths and weaknesses will be addressed
Moreover, another methdd forecast future production in shale formations, proposed
by Mr. Hampton Roach, so a | | -BegmeitDecline Cure A n aGilgsstials 0 (
2012) will beintroduced inSection4.2.
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Regardless of the estimation methodoldgted above drainage area should be
estimated carefully to determitieewell spacing, hencéhewell numbers that will be

used in estimations$n addition, hetotal surface areauitable for drillingshouldalso

be determined carefully.e. terrain conditions, infrastructure (roads), forests, national
parks, critical water resources and population density should be taken into account
(Gilesetal. 2012).Finally, one of the most important issues in reserves estimations
and production forecasts is to establish a range of results incltidimyobability
distribution (Lee and Sidle 2010).

4.1.Volumetric Estimations

This estimation methodolodyasically relies on the determination of hydrocarbon in
place in the volume under consideration (e.g. drainage volume of an individual well,
or volume of a segment, or a reservoir), together with a fraction of thgdacm
hydrocarbons that are likely bee recovered, i.e. recovery factor (Lee and Sidle 2010).
Estimations using this method especially become useful when it is supported by
appropriate analogy from more mature nearby wells (Glorioso and Rattia 284.2)
volumetric estimates at least can ksed as credibility check for other estimation
methodologies (Lee and Sidle 2010)

As discussed earlier, unconventional gas reservoirs have different accumulation types
and each has specific probleaig-place volume determination procedues:. shale

gas resourceslthoughgas volumes stored in pore spaaesount the most of the-in

place volume, estimation afi-place adsorbed gas also importantAs for tight gas
reservoirs, which have conventional trapping mechaniareal extent determination,

i.e. boundary determinatiphecomes the main difficultyBesidesthe estimation of
otherreservoir properties to be used as input (e.g. net pay thicknagshclude high

uncertainties in tight gas reservoftee and Sidle 2010)

Most importantly, inboth accumulationtypesrecovery factor determination is very
difficult, hence will be highly uncertain. Due to very low permeabilities, the area to be
drained by a well will strogly be influenced by the number and size of the stimulation
treatments on thevells; hence,the reservoir volume beyond SRV would remain

undrained until abandonment
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Various dher difficulties specific to volumetric estimates of shale gas resoarees
also listed below (Lee and Sidle 2010)

- Gas saturationannotbe determined directly or indirectly via wédlg data
- Free vs. adsorbed gas ratio may not be determined,easily

- Anomalous gas contents may occur due to complex burial or fluid migration

While performing in place calculations for shales, seveoalce for hydrocarbon
should be considerdtMerey 2013) Forexample Ambroseet al.(2010) suggested the

following formulato estimate the gas content in a shale gas formation
0O 0 0 0 O (17

where,Gst : total gasstorage capacityscf/ton, Gt : free gasstorage capacityscf/ton,
Ga: adsorbedjas storage capacitycf/ton,Gso: dissolved ga@n-oil storage capacity,
scf/ton,Gsw: dissolved gagn-water storage capacity, scf/tdks for industry practice

Gso andGsw are omittecandfollowing equationscan be used to estimaBe andGa:

0 080 gH—— (19)
0 0 — (19)

where,P : pressure, psi&L : Langmuir pressure, psgy : Langmuir volume, scf/ton,
Sy : water saturation, dimensionlesS, : oil saturation, dimensionles&gy : gas
formation volume factor, rcf/scf;, : bulk rock density, g/cc; : sorbedphase

density, g/cch : total porosity fraction, dimensidess

However Ambroseet al. (2010) suggest a new methoghich recommends the
suldraction of the gas occupied by adsorbed gas from the free gaseyokeina volume
correction forfree gas Figure57). In the case of organigch shales with nanopores,
adsorbed phase ocaapa significant pore volume and reduce porosity available for

free gas storage.
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Ambroseet al. (2010)also showed that unless the correction proposed in their study
is not utilized, overestimation of fregas, hence total gas is inevitablée proposed

equation for the corrected free gadisrage capacitig as follows:

0 0G0 pPp— (20)

where is the porosity consumed by adsorbed gas volume in shale gas reservoir and

can bewrittenfor a singlecomponent fluid system as
N op&pYpmd—"0 (21)
Hence the total gastoragecapacity equatiobecomes:

O O 0 — (22

where,b : apparent naturajas molecular weightbm/Ibmole, P : pressure, psid, :
Langmuir pressure, psiGs. : Langmuir volume, scf/ton, Sy : water saturation
dimensionless’ : bulk rock density, g/cc’ : sorbedphase densityg/cc,) : total

porosity fraction, dimensionaless, : sorbed phase porosity fraatiadimensiotess.

Adsorbed gas density estimation requitesrough studies(Belyadi et al. 2017),
however, a statedn Ambroseet al. (2010) according to molecular modeling and
simulation of methane adsorption in organic-gdtes, sorbed phase dengjty) of
methanean baaken a®.37 g/cn, disregarding major deviations causedpoye size

differencesand minor deviationsaused by temperature differences.

Moreover, for practical purposespparennaturatgas molecular weight)() can be
taken as 20 Ib/Hmole, ulk rock density { ) can be taken as 2.5 g/éfA\mbroseet

al. 2010).In addition it should be noted that molecular weight of pure methane is
16.04 Ib/lbmole.
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Old Methodology New Methodology

Void space Void space
measured by measured by
porosity porosity
measurement measurement

+

Sorbed mass
measured by

+

Sorbed mass

measured by adsorption
adsorption experiment
experiment -
Free gas
o volume taken
= Total GIP up by sorbed
gas
= Total GIP

Figure 57 ¢ New methodology in predicting shale gas in placéfter Ambrose et al.2010)
While utilizing volumetric methods, gas content of the formation samples can be
measured by direct method or indirect method.
4.1.1. Adsorbed GasEstimation (Indirect Method)

To estimate the adsorbed gas initially in place (&) With Langmuir isothermsCBM
industrydeveloped the following equatid@lorioso and Rattia 2012)

‘0000 Q& 6@ 6 (23)

where GlIPaq: adsorbed gas initially in place (Bef): : adsorbed gas content (scf/tpn)
from Langmuir isothermequation}y: average formation density in h (g/cé): area
(acres)h : average usable depth (f€) : units conversion factdtl.3597x 10°).

It should be noted that,oth inorganic matrix (clay, silt, carbonates etc.) and the

organic mattercan be porous;hence,organic matter contains free gas as well as

adsorbed gas.
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4.1.2. Total GasEstimation (Direct Method)

Utilization of canister desorption analysis in laboratory mtes direct measurement
of total gas in formation samplesmplying withthe followingformula Moreover, by
replacing g in Egn. 23 by Gst obtained fromEgn. 24, GlIPot (Total GIIP) can be
estimatedGlorioso and Rattia 2012)

Gx=320368 U Vn*Ve (24)

My

where,Gst: Total gas content (scf/tony, : volume of lost gas (ccVm: volume of

measured gas (G : volume of crushed gas (G@iug : air-dry gas volume (g)

Canister desorption provides only the total gastent not proportions of desorbed or

free gas, neither the pressure dependence of them (Biogke2006).

4.1.3. GIIP and Gas Reserves Estimation

Total gas irplace, based on log interpretaticem be calculated by following equation
(Glorioso and Rattia 20)2

a1 o
GliPro, =43560° A® h? f1.9 (1- Swt)? 2~ 10 o (25)

¢ 9~
where GlIP1qt: total gas initially in place (Bcf)A: area (acres)h: averagenet
thicknesdft), f; : total initial porosity(%), Swr : total initial water saturation (%Bg:

initial formation volume factorHence,the volume of free gas in place can be
calculated by the difference of gasplace total and gas-place adsorbe(Figure58)
(Glorioso and Rattia 2012):

GlIPyee = GlIPyo - GlIP, (26)

where,GlIPsee : free gas initially in place (Bcf)GIIProt : total gas initially in place

(Bcf), GlIPaq : adsorbedyas initially in place (Bcf)
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Some authors prefer twork with effective porosity and effective water saturation to
estimate free ga€On the contrary, Glorioso and Rattia (2012) argue that using

effective values will bring more uncertainty, since logs basically read total values.

Adsorption Isotherm (Gas Content vs. Pressure)
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Figure 581 Combining free andadsorbedgas fortotal gasin-place (after EIA 2013)
4.1.4. STOIIP and Oil Reserves Estimation

In-place oil estimations using geochemical testing can be performed using the equation
below (Glorioso and Ratti2a012):

& S, g
STOIIPg,=g9.0013 —=&° r,3 A® h3 C (27)

¢ Fo =
where,STOIIRsyy: ol initially in-place(Mbbl), Slyi: oil content (mg/g), N : oll
density(g/cc),} b : averagdormation density in h (g/ccp : area (acres)y: average
net thicknesgft), C : units conversion factor (7.758)

In addition, irplace oil estimation using logs can be performed by the following
equation (Glorioso and Rattia 2012):

Qo
[E

STOIIR, =7.758% A% h3 £, 3 (1- Sw)?3 (28)

|- aDOr

(o]

L)

where,STOIIPro : total oil initially in place Mbbl). A: area (acres)): averagenet
thicknesd(ft), 7; : total initial porosity(%), Swr : totd initial water saturation (%)Bo

: initial formation volume factor.
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4.1.5. Recovery Factor(RF)

According to reports of EIA (2013)hale production experience tbfe US show that

the recoverable amount of in place gas volumes, i.e. shakRFgasige between 20%

- 30%, where extreme Waes like 15% as lowest and%5as highetscan be observed.

On the other hand, recovery facfor shale oil range between 3%%, whereextreme
values like 1% and 2@ can be observed. The reason that shale oil recovery factors
are much dwer comparing to shale gas is thelatively higher viscosity of oil and
capillaryforces, whichprevents oil to flow through fractures as easily as aafyas.

EIA (2013) presest TRR of 41 countries outsitleeUS by using a production forecast

of 30years, whictbrings RF calculations according to a well life of 30 years.

R F @an be approximated considering a set of propertiels as the mineralogy.ei

fraccability of the rocls, presence of micrvactures, state of stress for the shale

formation,r eser voir overpressure and absence

assumedas following,considering theriterionassociated with theIA 2013):

Favorable Hydrocarbon Recoveli F @f$% for oil and 2% for gas can be assumed
for prospects having low clay content, lomoderate geologic complexity and
favorable reservoir properties, i.e. oy@essured shale formation and highfdied

porosity.

Average Hydrocarbon RecoveR F @f=l-5% for oil and 206 for gas can be assumed
for prospects having medium clay content, moderate geologic complexity and average

reservoir propertiegeservoir pressure)

Less Favorable Hydrocarbon RecoveR/F @fs3% for oil and 1846 for gas can be
assumed for prospects having medihigh clay content, moderatégh geologic

complexity and below average reservoir properties (reservoir pressure).

RF estimations are subject to change in time. istance,utilizing close well
spacing, improving well designs, i.e. longer laterals and more frac stages, completion
of more vertical net pay and development of lower zones may change the ratio of

recoverable resources topace resources (EIA 2013).
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4.2.Production Data Analysis

Conventioml reservoirs initially exhibitransient flow, in which the reservoir pressure

at the boundaries remain constant and flow boundary approaches to reservoir
boundary. This period is characterized by high decline rates. After reaching an actual
reservoir boundary or interference of another well, the reservoir pressuretstarts
declire and boundary dominateBDF) flow begins.Actually, in the BDF period,
traditional production datanalysis methods come into rescue to analytically model
the flow kehavior (HS 2016).

The most basic production data analysis method, Decline Curve Analysis (DCA) is an
empirical method offered by Arps (1945) assuming boundary dominated flow at
constant bottoriole pressure. As can be deduced from its name, this method relies
on the analysis of production rate declines and starts with matching the historical rate
data on an analytical formulation by regressing the depbnameterand forecasting

the future poduction ratesPresenting some basic definitions prior to startimg t
derivations would be usefuipwever, the intermediate steps in derivation of equations
are omitted here. Details for the derivations can be found in Blasingame and Rushing
(2005) andOnur (2015).

Definition ofLoss RatidDecline RatefiDo can berepresentedy:
—=-— (29

Derivative of thd_oss RatiqDecline Exponentfipd can be represented

_d1l1_deq e

_ N 30
dtD  dt&dg/dtl] (30
When consideringd = constant, exponential decline will be reached which will

represent pseuesteady state (oBDF) flow in a closed reservoir for a constant

compressibility liquid at a constant wdlbre flowingpressurdllk et al.2008&o).
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Omitting the intermediate stepsxponential rate declineequation will be:

q(t) =q.e " (31)

The formulation for théayperbolic rate declineequaion can be represented as below:

g
(1+b @D, G)"°

q(t) = (32

Lastly, it would be handy to present an intermediate equation, which come out in the

derivation process of hyperbolic equationBlgsingame and Rushing (2005).

0O

(33

The variables and units fordtequatios above is as followsg or q(t): oil production
rate at time g : initial oil production rateh: constant related to decline tyi®; initial

nominal decline rate.

Arpsb equations hee always been considered ampirical i.e. do not rely on any
physical lawof fluid flow, until Fetkovich and others place DCA on a fundamental
basis using the constant wellbore pressure analytical solution and combinations of
material balance equationscipseudesteadystate rate equations to derive rate/time

decline equations (Fetkovich 1996).

Utilizing the mathematicalbackgroundwith the specid assumptionsbelow,

Fetkovich (1996) showed that decline constan

Stabilized (boundarydominatedl flow,
- Constant bottonhole pressure
- Unchangng drainage area and

- Fixed skin factor

Thesimplified formsof Egn. 32 according to varioubo valuesare given inrablel2.
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Table12¢Formsof Arpsd decl i ne equation for different

Exponential Hyperbolic Harmonic
b=0 O<b<1 b=1
— - Dit _ I =\ -1/b — qi
qt) =q.e q(t) =g.A+b@D; @) q(t) = @Dy

Although, theassumptions aboweay be valid for most of the conventional reservoirs

in certain time periods, it is very difficult to satisfy these conditions in -tifjre
unconventional reservoirslydraulically fractured Isalegasand tight gas wellsnay
remain in transient flow for several years (Gié¢sal. 2012 IHS 2016). As for these

tight formations,boundarydominated flow (assumed in Arpsethod) canot be
reached in a reasonabime frame, hence parametassumed foproduction analysis

of conventional formations woul@adto optimisticresults(llk et al.2008, Donget

al. 2013).Moreover, analysts are obliged to forecast future production and estimate
reserves relyingnly on transient period data (Cheeigal. 2008).

Robertset al.(1991) modeddthe transiengasflow in a horizontal well with multiple
fractures as follows. The wellsd drainag
to grow with time (several days) beyond the wellbore and hydraulic fracturdmwo
boundaries in unconventional plays arecion of well density and pattern, i.e. the

no-flow boundary is defined by the maximum area it can drain given offset drainage

areas of surrounding wells.

Consequently, to match early historical production data in horizontal and vertical wells
during trarsient inflow, using decline parameters outside the normal ran@el]

works well (Giles et al. 2012 Robertset al. 1997). Valko and Lee (2010) applied

Val ko (2009)6s stretched e x foobe discussed | prc
below) to analyze 14,687 wells, which is the largest analyzed dataset to date in Barnett
Shale, instead of individual subjective curve matching. This study proved that, for tight

gas wells, the decline exponent stays larger than umityl( for the transientggiod.

111



However usingb O1 also leads to optimistic EWRvith unreasonably long well lives

(Maley 1985 Lee and Sidle 2010)Following equations show how cumulative
production Q0 convergesbO®bo iindf i Aripggyd e aqudthie
(Eagn. 32).

t

Q = [y(t).dt (34)
0

Forb = 0 (exponential decling]Q converges to a finite and realistic value

tN - . éi-e-Di't qi'e-Di.OOl G-9
Q:Eﬂi'eD't'th QZItI-ngé%-Di _ - b, §: D, %
q
t- o,Q- —
Q D

For 0 <b < 1 (hyperbolicdecline) Q converges to a fini@nd realistic value:

t
Q=1f.A+bdD @) .dt Y
0

0 ~ 36
Q=limg—3 (1+bD tfv- — % 8 >
t-u%g (b-1) ! D,.(b- 1) 9
Wgé (1+b.D, 1) %gg’ { t- =8, Q- —3 (37)
CYi

D..(1- b)

Forb =1 (harmonic decline), Q converges to infinity, i.e. unrealistic results:

t
_~ G 7 A= L
Q= Ao dt Y Q= Itl_rrga.ln(1+ D, 1) (38)
t- o, Q- ©

Forb> 1, Q increases without bound; i.e. converges to infinity:

I(%%z

o e o A& 15
Q= . (L+b D, &)t YQ_It[még.m% (1+bD.1) > (39

t- o, Q- ©
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Thus, values ob O 1 will end up with a cumulative production of infinity, hence
beyond realistic values, i.e. physically unreasona®le.the other handrapidly
declining rate data are characteristics of-jpgvmeability stimulated wells and those
show apparent values bf> 1, which is also called as super hyperboliowever,
better fit of some data with values bfO 1 mean that the datare taken from the
transiertflow regime Hence, sage ofb values obtained from transient portion of a
decline datafor the entire analysisvould result in overly optimistic forecasts
(Fetkovichet al. 1987, Freeborn and Russell 2012)

An approach t@vercomethe infinite cumulative production problewhile usingb O
lislimitingthed ec |l i ne r at e b ymn0a bra sneidmuonm vaanlaul eo giyD
In other wordsjntroducing a terminal conditionsing a constant &h and utilizing
exponential declinéor the remaining production lifafter decline rate reduces tap

(Lee and Sidle 2010/assilelliset al.2016. This minimum decline rate is usuallyi 5

10 percent per year (AbdelMawla and Hegazy 20H6yever, this pproach do not

rely on any physicddackgroundAfter Rushing et al. (2007) introduced hybrid decline
schemes (varying values while producing) for shale plays, they started to be used
widely, however, the detination of minimum decline rate and other decline
parameters are arbitrary, hence needs experience in the formation in concern
(Vassilelliset al.2016).

Blasingame and Rushing (20G&)dRushinget al. (2007)observedhatasmore data
become available.e. increasing production time, bd#tvalue ofb tends to decrease.

This assures us that, if we have enough production to see stabilized (beundary
dominated) flow, we would havevalues smaller thannity. At this very pointthe
so-called stretche@xponential equationsn fact empirical modelgo predict future
productionof shale reservoirame into concern. Severauthors (llk et al. 2008,
Valko 2009, Duong 2010 and Giles et al. 2011) developed several versions of this
approacho well represet the flow,i.,eh onor t hebdo c b ap §reebgn 8§
and Russell 2012).

In Figure59a hyperbolic decline with = 1.83 matches with the early production data,
namely 8 years, gathered frbomcanBhenebse
asb = 4 for btlinear flow,b = 2 for linear flowandoO 1 f or BDF as pr
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Figure59%. Moreover, it can be deduced that, like most unconventional wells, this well
stays in linear flowregimefor the first 8 years without reaching BDF (Freeborn and
Russell 2012).
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Figure 591 Stretched exponential concepfafter Freeborn and Russell 201p

Figure 59c shows the stephanges ob values according to flow regime. For this
example, it was assumed thmt 0.3 for the BDF and to makke change smooth,

final nominal decline of linear flow ggme is assumed as the initial nominal decline
for the BDF regimeGenerally, after a predetermined nominal decline rate, exponential
equations are utilizeohstead of hyperbolic equations, which represents the point of
linear flow to BDF Instead of charigg the equations used from hyperbolic to
exponential,stretched exponential equations famviyas developedTable 13) to

provi de clvargiprog em(Fredvarntaind Russeth2012)

Table 13 ¢ Declinetrend formulations for various methods(after Vassilelliset al. 2016)

Decline ! Introduced

~ Method , ‘ by
Exponential q= qie(—Dt) | Arps, 1944 |
[Hyperbolic | 4 Arps, 1944
i 4T @ b)) |
[linearfow | g —g.t-n |Bangalland |
| i £ | Ryan, 1976 |
Power law 4, s oy Ik etal.,
= q;e "=t 008
| Stretched : " | valks et al., |
exponential g = qie|"(.?) 2009
Duong . q s 'Duong,
7 ot 2010
p
or
a (1-m)
q :qiellﬂfn“ : =5

114



Valko (2009)proposed a production forecasting method different thanGanpshod

referreda A Stretched EXxpo(BEPDR lisanhin cltasctdristcse Mo d
are; (1) a finite (realistic) EUR prediction as production time increases, (2) applicable

in both transient and stabilized flow regimes and (3) a limited numbgarameters

to be determined. The proposed rate equation is:

q=dr.exp (40)

- 0oy

@@ @
Q8
(e el ]

Where, d[';; initial productionrate ot necessarily the first rate data, since generally

rate peaks after a period, herlaegestobserved monthly productiatata should be
used, t: number of time periods, dimensionlebk,characteristic number of periods
(or characteristic time paramet@rhich ismedian of the characteristic time constants)

n: exponent parametédimensionlessnodel parametgr

Val kods method relies on working equatio
observed cumulative production and theoretical cumulative production derived from

the integral of rate equatiomhe model works for the production datadralevenly;

hencethis is why the time used in the equation is the number of pefalgover,

evaluation of oneand tweparameter Gamma functiamrequired, which was handled

via a softwarecalled Mathematica v.By Valko (2009.

As for illustration,Figure60 taken from Valko (20093hows a typeurve family ain
= 0.5 for variousU parameters Although, each stem corresponds to a certéin
parameter, the label shows a dimensionless EUR @Edpproximation. The steps
using such plots to reach @EURp is explained just aftefigure 60. Dimensionless

parameters can be thought as that parameter divided by the rate at certai).time (

Good news ighat to eliminate the complex mathematidadckgroundValko also
developed a software. Determinationit not required and is calculated by an
iterative techniqué¢Lee and Sidle 2010/alko 2009 Valko and Lee 20101t should
be noted thatyalko did not try to develop a ratane analysis relation; instead, he
developed a statistical identity to analyze a database of prodwata (llket al.
200%).
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Figure 607 Dimensionless rate vs. cumulative production stems for varioldparameters at n =

0.5. Each stem has a corresponding EUR valdafter Ilk et al.2008b).

The usage of theigure60 and thedeclineanalysis steps are as follsy{Walko 2009):

1) Determine from the real data that what is the maximum productiongrate (
2) Creat e a series for AqDO (di mensionl es

(dimensionless cumulative production),

C

<

3) Assume an exponent p ar aqueetfamily piotra® and pr e

given inFigure60,Det er mi nati on of AnoO0 value can be

iterative graphical approach which relies on recovery potential concept (below
paragraph).

4) Plot the points on the typaurve family,

5) Determine the mostppropriate stem and hence the dimensionless EUR.

One last advantage of this method is that, it also helps in determiningadlesb

recovery potentialrp), which is actuallyoneminus recovery factoMoreover, a plot

St
>
o

of rp vs. QDyields straigitdine andh el p i n determining the
correct fAno exp oimexceptshouls give & andiktercept shaulkd e y
give EUR.The detailed procedures for such an analysis can be found in the original

referencgValko 2009).
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llk et al. (2008) proposed independently a similar mqdeiferred asi P o viiaw

Exponenti:al Declineo
q=G.expg D, t- EEI”‘S (41)

where, d: Rat e fi nt qt=®)etpttmé, ddys; D, e Decline constant at

Ai nfi nfie B(t=D)]; gielbecline constant) : time exponent.

The physical background of Eg#ilis the losr atDoo i bei ng approxi

decaying power law function with a constant behavidarate times D, = constan,

which yields an exponential decaythe rates i D, éis dominant at late times

This may provide a lower bound for reserves estimatesarly times, i.eattransient

and transitiorflow periods fit" ¢ dominatesthe flow regime This model is highly

flexible that a reasonable match can be obtained for transient, transition and boundary
dominated flow datéllk et al.200&). Asnofi b e c o me s s 4tiraelrelation , t h e
has greater downwar docerpahaent BB hppeeh
(Freeborn and Russell 2012)

Figure61 given below to present the hyperbolic and power law exponential prototype
models for rate decline and loss ratio. As can be deduced, for hyperbolic rBlation
parameter is nearly constant at early timesdewhys witha unit slopeOn the other

hand, powelaw loss ratio exhibits a power law decay from transient to transition flow

and continues with a constant value (Ik.) at large timegllk et al.200&).

The strength of this equation is its suitability of high initial gas ftates, which is
typical in unconventional wells, on the other hatiis methodheeds a long period of
BDF to correctly model the switch from linear flow to BDF (Freeborn and Russell
2012).

Basic difference d&eadswvemat V@dx0odle formaralt | | k

method. llket al. suggest that inclusion ofgliermprovides better fit and forecast of
long-term data. Note that; wheo, t > >[E|.t” at large times, the model becomes

exponential decline (Lee and Sidle 2010).
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Figure 611 Schematic loglog plot for comparison of Hyperbolic and Power Law Exponential
models of rate decline and loss ratigafter Ik et al.2008b).

Duong (20D) offers anotherapproach, which uses ampirically derived decline
model based on a lortgrm linear flowin a vast number of well&ield data show that
a loglog plot of rate over cumulative production/(Gp) vs. time in days would give
a straight linefor sometimes over 5 yeavghose slop im8 a ifegative slopas

obtainegdhenceft moisalsousell and h as a@These twd paranteterg are i
related to reservoir rock and stimulation characteristics, besides operational conditions

and liquid content.

— 42
0 —& ° (43)

where,m: slope defined by Eqn. 42, a : intercdptined by Eqn. 42 with slope m.
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Mor eoabe ramodfiafir e r el ated variables and a co
of various gaplays Duong (200) presented a plot and equation for this correlation
and onsequenthpuilt typec u r v e@qo¥ eto i fino>1o A( whi ch i s val.i
shale gas wells)in short, he argues that, if ¢ known, reserve evaluation can be

established.

It should be noted that, the reciprocal of E4y i e IGg/ g0 fio n -hdmesidé e f t
which also named as Material Balance Time (MBT) and the exponent of right hand
side becomes HAmoHente a plotsot MBA ds. timé yields a straight

line with slopem.

To summarize this method in steps: firstly, rate vs. time is plottetbtpdpr data
validation and correction. Second step is thelémgplot of fiq / Gpo vs. time to
det er ai neemap afr amet er s. Third step qwil]l b
parameter, which is the flow rate at day one. Howevercdosideringthe current
wellbore conditionssomeequations ang@lots are proposed by Duong (2)1As for

thelast step, EqM3is used d reach reserves estimation.

The drawback of this method is that it is valid for one single flow regime, hence makes
it a poor EUR estimator, however, it can be used to forecast rates for a specified flow
regime (Freeborn and Russell 2012).

Freeborn and Russell (201@)mpare the three methods abeavel end up with the

following remarksllk etaldo s Power Law method yields be
Val kods Stretched whigk 5oganerally imaré¢ comservative d
However, it soretimes fais to yield a result, hence at those times, the latter should be
preferred. All three have troubles in switching from linear flow regime to BDF regime.
Hence, iftheBDF i s reached and provided data f
equation shdd be preferred instead of thegdl.these three methods require complex
equations to be solved and not appropriate for simple lesdcs or even for
spreadsheets. Théying TRR rather than ER8Ince both estimateiture recovery at

zero withdrawal ratg i.e. average reservoir pressure is equal to the wellbore pressure
Hence to estimate ERR, one should estimate the volume producible between economic

limit and terminal zero rate and subtract it from T@RRe and Sidl€010)
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Three-Segment Decline CurveAnalysis

Last but not the leashreaking DCAinto segments to represent initial transient flow
period followed by a boundaigominated flow periots another method to be used in
shale gas and oil rate decline analyGgeset al. (2012 proposs a three-segment
decline curve analysis method(multi-segment DCA}o obtainbetter fits for all the

periods and originally developed byeservoirengineer named Mr. Hampton Roach.

As stated above, decline exponent changesprdtiucingtime in tight reservoirsand

this phenomenon is more severe in hydraulically fractured shale oil and shale gas

reservoirs Starting with b > 1 for transient regignand as flow regime turns to
boundarydominated fibo values reduces below 1 aheéncethe decline shouldé

represented with differeiiibo values in several segments. the c | i ne f@&r amet er s
an ®o Af opropaosdd &egments are as followsdillustrated inFigure62 (Giles

et al.2012)

Segment 1: transient floyperbolic declineb: > 1 andD: = Dj (Maley 1985).
Segment 2: boundagominated, hyperbolic declin@ <b, O1 (Chenget al.,2008)

Segment 3: latéife, exponential declindg = 0 andDmin (Maley 1985).

Example Well

10000

1000 -

Segmenti

Segment2

Rate- MCF/Day
3

Segment3

10 . . . . . T T
0 05 1 15 2 25 3 35 4
Cumulative -BCF

Figure 621 Three-segment DCA example by Mr. Hampton Roach (after Gilest al.2012).

120



As for threesegment DCA, Segmetit parametersq(, Di, by) can beestimated by
matching historical profile. Segmeft parametersbg, to) may be estimated by
Production Data Analysis and Segm&mparametersmin, Gmin, maximum well life)

may be estimated based on analogues (@tles 2012).

The main difficulty behid this method is determination of the starting point of BDF
period and thebodéok i hén&Sikesepar @E 2POsxample
theydet er mo, iD®d afmd Hy f i t66+H months producdon.l s

Pouret al.(2015) used 3egment decline curve to analyze the production rate decline
of Canadian Deep Basin welBigure 63 below presentthe distinctions of the flow

regimes belonging to their example well.

Actual Data
- Fitted Decline Curve
10000 < Pointl @ Point 1, Start of Transient Flow
A @ Point 2, Start of Boundary Dominated Flow
@ Point 3, Start of Tail End
@ Point 4, Termination

o

= 1000 4 Sou,

o

£

i) Point 2

&

v 100 Point 3

@ .

U] Point4
Bour?dary Exponential
dominated Tail end

10 4 Transient Flow flow g
q1, bi, 92, b2, dmin,
di, T1 d2,T2 b3=0
1+ T T T T
0 1 2 3 4

Cum Gas, bcf

Figure 631 Another illustration for 3 -segment decline curve analysi@fter Pour et al.2015).

Pouret al.(2015) also sugge=tithat Rate Transient Analysis (RTA) data may be used
to tune the parameters of DCA; moreover, they applieddbisto their analysis of
Canadian Deep Basin welld=igure 64). Generally, data in public domain is
insufficient to use RTA alone to evaluate the reservoir; however, it is adequate to
calibrate the DCA parameters. Moreover, these calibrBted parameters can be
used in the analysis of wells those do not have RTA data via the help of technical

judgement to average the paramevtenge keeping the reflection of general behavior
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|« Calibrated DCA
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1000

100
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€]

0 1 2 3 4
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Figure 641 RTA data (green hollow circles) used to calibrate DCA parameters (blue filled

circles) (after Pour et al.2015).

Accordingto Pouetal.( 2015) 6s observations on horizont
lasts for 510 years on average. During tBegmentl (transient periopb; > 1 and

annual nomi nRd ide ch e thwe Asafdr@heSFgmaent2dBDiP . 8 .

period represented by hyperbolic declir@)would be between 0.4 and 0.8. It should

be noted that the lower the,lihe lower the EURI.e. lowerb values lead to more

conservative EUR result®ecline rate for th&egmemt2 D0 i s a fhancti on of

decline parameters of tli82gmentl as suchi{Pouret al.2015)
0 ——- (449

This period elongatemore than 2§ears and hence many wells stay in the BDF until
they reach the terminal ratgn{,). Provided thafiDmin0 is observed before reaching
Agmind in Segmert2, Segmert3 startswith the governing equations of exponential
decline and b exponent becomes z&® n e r dhindigyassumed aroundB% or
determined according to experience in the field. This segment do not have a true
physical background, instead it is used to prevent unrealistically long tail production
(Pouret al.2015)

Jeyachandrat al. (2016) claim thawisual observation of the decline curves for the
slope change pointsay give the time of change of the flow regimes, only if the
operating conditions are not changedo interference effectslereby, RTA would

help to identify the flav regimesby using diagnostiplots.
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As discussed, transient linear flow is the initial flow period, which is characterized by

a haltslope on the lodog plot of gas rate vs. time or by a straight line sq@are root

of time plot. Moreover, when inveesof flow rate (1d) vs. superposition times'(t,

t¥2, log t and t) are plotted, thdeviation from straight line points revethle flow

regimechangesat very early, early, middle and late times, respectividiywever,

regression
(Jeyachandrat al.2016)

for

ibo

exponent is

necessary

Lastly, dfferentfrom Gileset al. (2012),Jeyachandrat al. (2016 suggesusage of
b eSegment mnd Betwzen & and 0.2 Bedmem3.

Abo exponent

Darugatret al.(2016) investigated 1594 Eagle Ford and 2350 Bakken laell§lizing

multi-segment decline curve approadhe wels havingatleast 5 years of production

history and peak production above Afifpdwere selectetb enable the comparison

of EUR estimationsisingl, 3 and5 years of production history data.

The results for the benchmarking using Eagle Ford dathow that when usingr

yeardata, 10% of the EURSs are within £10% consistency rangeBAdRsestimated

using 5-yeass datg i.e. EURs are underestimated significar{fygure 65a). On the

other hand, when-gears data is used, 90% of the EURs estimated are within £10%

consistency range with EURsSing5-years datgFigure65b).
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b
fe=] n
o o
o o
®

-
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Y
o
o

0 400 800

”Eagle Ford

EUR using 3 yr data (Msth)

1200 1600

EUR using Syr data (Mstb)

(@)

1600

1200

Eagle Ford

0 400
EUR using 5yr data (Mstb)

(b)

Figure 651 (a) EUR comparisons betweerl vs. Syears of data(left) and (b) between 3vs. 5

800 1200

1600

years of data(right) using multi-segment decline curve analysig@fter Darugar et al.2016).
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It should be noted thated data points in bothigure 65a and Figure 65b represents
the outliers resulting from the-stimulations performed in the later life of the well.

The authors also studidgtie Bakken Shale with the same methodology and using
multi-segmen decline curve analysis. While usingy8ars of production data of
Bakken wells, 80% of the EURare within +10% consistency range with EURs
estimated using-yearsof productiondata(Figure66). Although it was not presented
in a graphical form, they noted thatygar of data did not give any reliable EUR

estimations.

1600

Bakken

= 1200
(72}
=
= %
[
-
=, 800
o~
{=2]
=
®
=
o
> 400
w

0

0 400 800 1200 1600

EUR using Syr data (Mstb)

Figure 661 EUR comparisons between 3 vs.-ears of data using multisegment decline curve

analysis(after Darugar et al.2016).

This benchmarkingtudyassureshat 3years of production data is sufficientdbtain
a reliable EUR estimate when using mskigment dclinecurve

Further, the stretched exponentitdcline model (SEFD) was used to compare the
results with multisegment decline curve estimations. Agakyears and fyears of
historical production data were used to estimate EafRwresented iRigure67. The
resultsof Darugaret al. ( 2 0 1 6 ) Gslsowed thatSERD is not as reliabl&EEUR

estimatoras mdti-segment decline curve method.

Moreover, Arpso tradit i cateeedr resdis,odmelywanly cur ve vyi
about 40% of the EURSs lie within the £10% consistency range.
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Figure 671 EUR comparisons between bvs. 3years data using SEPD (after Darugar et al.
2016)

Gileset al.(2012)statethat, b reacha reasonable EUR froproductiondataanalysis
approximately émonths of historical production data with low bamlessure is
needed Moreover, Pouret al. (2015) also quote the same durationym®nths of
production data, to reach a reasonable RTA mdielthe other side;onzalezt al.
(2012) warn about thédias problem when production data of 18 months or less is
matched.

Figure68illustrates the variation dfvalues in 6 wells with producing time. The arrow

in the figure shows the averabevalue determinations for these 6 wells $averal

segmerg. Segmentl ends #er 3 years withh1=1.5 andSegmen begins at starting

time of boundary dominated flowo)t with a decline constari = 0.4 Finally, the
average Wwmal akd dlotraiined from the anal ysi
used in the Begmentdecline curve analysis of other wells in the fiéRiles et al.

2012).

In the |literature,bosexpoaéntuthangeshwiwtk
in very low permeability reservoirs. Giles et al. (2012) presented analysis of 6 wells

by Mr. Okouma, in which one can clearly see that with production timmeduces

until a constant value below one. All these nedéveloped methods are taking into
consideration the changing nature of b exponent with time for production data of shale
formations (Freeborn and Russell 2012).
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Figure 681 Average b vs. timefor 6 wells by Viannet Okouma(after Giles et al.2012).

Moreover,Rushinget al. (2007) built a numerical modek inFigure69 belowfor a
fractured well in a tight gas reservddry gasreservoir with4 layes) to study the
effect of various r esehov @ixmp Dasstddyshonedc t ur e par

that, the superficiala ppl i cati on of the Arpsdé equation i
periods | ead to high produexpomerdtoriesagteat e
unity. After boundarydominated flowis reached boi ex ponent generally s

somewhere between 0.5 andlk et al.2008&)).

Pressure
Monitoring
Point No. 2
X
¥
_‘ Wellbore Pressure
Monitoring
y Point No. 1
\
Hydraulic
Fracture

Figure 691 Model built to present the hydraulically fractured well behavior in a tight gas

reservoir (after Rushing et al.2007).

126



To illustrate, the effectivgpropped)racture hallength is taken as a varial{0, 100,
300, 500 ft) and the effect of this parameter on produckmtine behavior is given in
Figure 70. As expected, the shorter hddihgths result in steeper initial production

declines followed by flatter profiles, vice versa is valid for the longerlaafjths.
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Figure 701 Simulated shortterm (left) and long-term (right) production decline behaviors for
various fracture half-lengths Ls = 50, 100, 300, 500 fiafter Rushing et al.2007).

The main objective of including thidhis st
exponentvith producing timeFigure71shows that, at the initial periods of production

fibdo exponent hover s bet fiaet@ehalflength. Howeder 4, ac
with thei ncr ement i n Ipr oadxupcd megn t $pedifeedor thila s e s .
exampl e, the Dboeaesxopno nfeonrt hvaavliunegs fiabove wuni
time is that the model was built adaders. In the same reference, authors studied the
effectoff ayeri ng and permeabi |l ibbyexpoheasttantt
end wupbowietxtpofments considerably below un
(Rushinget al.2007).
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Figure 717 Variation of b values with time and fracture half-length (after Rushing et al.2007).
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As can be seen, uncertainty ranges are quite high in X0#&y analysisfor low
permeability reservoirespecially having unreliable or early time datas te
production life increases, i.e. amount of greduction data matched, the uncertainty
in production forecasts will decreasklowever, always failure in uncertainty
qguantification of production forecasts and reserves estingtigyuld result in
suboptimal development and erroneous economic analysikaté assetfeliable
quantification of uncertainty will naturallgupport the success decisionsand b
quantify the uncertaintyrobabilistic approackhouldbe utilized (Chengt al 2005,
Gonzalezt al.2012).

According to Chanet al. (2010), although neighboringwells may show totally
different initial rates and EURSs, group of wells generally mganingfuldistribution
and individual well EURs can be converted to a full reserves EUR using analogy

techniqueThe assumptions behirldeir propsal ae:

I. Shale formations generally starts with an extended perivdrfient flow
Following the rapid decline of initial highratesh e At ai | 6 may
decades until economic limi

il. There is a reasonable correlation between peak rate and EUR

iii. Within analogous subgroup#$et dstribution of EURS is repeatable

V. The reservoir within the study area is sufficiently homogeneous and the

completion practices are similar to suggbis analog approach.

It is important taconsideithe Central Limit Tkeorem (CLT) in iteniii ), which assures
that, if sufficientlylarge number of EUR distributiomse addedindividual well EUR
distribution) the resulting aggregate wiktnd to be normal distribution.ddce, P90
and P10 will converge on the meavhichis the most likely outcome to happ@han
etal2010; Tujan ,dardsdy2@@gur 2015

It is worth noting that SPIPRMS (2007) recommends usage qdrobabilistic
assessmemhethods and probabilistic aggregation up to the field, property, or project
level. As for higher level aggregatior@mple arithmetic summation of individual
reserves categorieshould be utilized, which will give conservative proved and
optimistic posdile resource valug€hanet al. 2010 SPE/AAPG/WPC/SPEE/SEG
2011D).
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Lastly, here it is worth mentioning that maintaining production from unconventional
reservoirs is more challenging.he steep decline of the production rates and
fluctuating fluid charadristics (gas content changing from 15% to #®@uring
production) are two major difficultiesto artificial lifting of the produced oil in

unconventional wells with extreme lateral length and designs (Brenner 2013).

Lakatoset al.(2011)presents a good examméephase variation in the reserviom
Eagle Ford Shalasone the many reasons of sharp decline of production rates in
unconventional reservoirs. As in Eagle Ford Shakasin Centered Gas
Accumulations (BCGA) may contain botlght hydrocarbons (Ci Cig), COp, HoS

and water, and their boiling points and critical parameters are highly difféigote

72). Considering thesspecific parameters of each component at the typical BCGA
reservoir conditionsT{ = 260°C andp = 1000 Bar assumed Lakatoset al), the

components can be divided into two subgroups. Hence, the first gratip @),

together wih COand HS mayexisti n fisuper cri ti cal stateo
exi st -pihna sfiet wsot at e 0. Moreover, one can dec
I .e. with production time, the phase rat

in supercritical fluid gradually trafm to gas phase. Hence, density of the complex

fluid decreases.

All these phenomena also contributehie sharp decline in production rates special to
unconventional reservoirs e s p e c i al.ICgrtaimn part & & Raved gas is
liquid and low mobility fluid under reservoir condition. The gas influx drops since the
mass transportation of fluid is hindered by the low mobility liquid phases and the
diffusion controlled character of gas phases. dderthe drainage area in low
permeability unconventional formatiorese much less than the conventional high
permeability formations(Lakatoset al.2011)

In short, Eagle Ford Shale exhibit different fluid characteristics throughout the large
reservoir(Figure 73). All three phase windows exist in Eagle Ford and this shale
formation does not have natural fractures due to its high carbonate (as fR&s

and lower clay content, Eagle Ford Shale is highly brittle, i.e. easy to frac @Dahg
2013). Typical fracture halength is 350 ft, with 8.0 fracture stages (Kennedy 2010).
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Figure 72 ¢ State of different gases at assumed BCGA conditiondI = 260°C and P = 1000 bar
(after Lakatos et al.2011).

Figure 73 ¢ Eagle Ford Exhibits all 3 Phases; uglip oil, mid-dip condensate and dowsdip gas
(after EIA 2014, Dong et al.2013)
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