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il
ABSTRACT

Shale gas resource plays a significant role inggnsupply worldwide. For
economic production of shale gas, technologiesoazbntal well and hydraulic
fracturing are used for shale gas reservoirs. Togrethe productivity of the shale gas
reservoirs will be influenced by both reservoir dibion, and hydraulic fracture
properties.

In this thesis, parameters that will influence shgds production were classified
into two categories: reservoir properties and hylicdracture properties. Published
shale gas simulation studies were surveyed formgteng the typical ranges of those
properties. CMG-GEM was employed to finish the resie simulation work, and CMG-
CMOST was used to complete the sensitivity anakysisk.

A three dimensional single phase dual-permealshigle gas reservoir model was
created. Three flow mechanisms (Darcy flow, Nondydlow, and Gas diffusion) as
well as gas adsorption and desorption mechanisra egrsidered in this model.

Sensitivity checks for each parameter were perfdrtnenalyze the effect of
factors to forecast the production of shale gasruesr. Influences of reservoir and
hydraulic fracture parameters for different timeipes were quantified by simulation of

1yr.,5yr., 10 yr., and 20 yr. production



ACKNOWLEDGMENTS

Foremost, | would like to express my sincere gudgtto my advisor Prof.
Mingzhen Wei for the continuous support of my Mastedy and research, for her
patience, motivation, enthusiasm, and immense keayd. Her guidance helped me
throughout my research and writing of this thelsgmuld not have imagined having a
better advisor and mentor for my Master study.

Besides my advisor, | would like to thank the m&fsiy thesis committee: Prof.
Baojun Bai and Prof. Shari Dunn-Norman, for theiceuragement, insightful comments,
and hard questions.

Also, | would like to thank Thanh Nguyen and Nosi@rado from CMG support
team for their patient explanations of applicatdfCMG software.

Last but not the least, | would like to thank mgnfly: my parents Shijian Wang
and Xingfen Xu, for giving birth to me at the figgiace and supporting me spiritually

throughout my life.



TABLE OF CONTENTS
Page
ABSTRACT .. ii
ACKNOWLEDGMENTS ... essasaaans \Y
LIST OF ILLUSTRATIONS ..o viii
LIST OF TABLES ... Xii
NOMENCLATURE ... e Xiii
SECTION
1. INTRODUCTION ...t 1
1.1 SHALE GAS .ottt 1

1.2. SHALE GAS RESERVOIR IN THE UNITED STATES...coooiiee. 2
1.3. SHALE GAS DISTRIBUTION IN THE WORLD ......ccoeoeeiiiiiiiiiiiiiiiis 4
2. LITERATURE REVIEW .....oo e 5
2.1. RESERVOIR MODELING FOR GAS SHALE ... 5

2.1.1. Single Porosity Model...........cooiii e 5
2.1.2. DUAI-POroSity MOGEL...........cuuueen o ceeeeeeeeeeeeeeeeeeeeeeeeennnne e 5
2.1.3. MINC (Multiple Interaction Continua Method).................cccc..... 7

2.1.4. Dual Permeability Model. ... oo 8
2.1.5. Multiple Porosity Model. ..........oooi oo 9

2.2. GAS DESORPTION......ciiiiiiiiiiiiiiisrrrer e 10
2.3. FLOW MECHANISMS IN GAS SHALES ...t 11

3. MODEL SELECTION IN SIMULATION GAS FLOW IN SHALES...................... 13



Vi

3.1. RESERVOIR MODEL ..ottt 13

3.2. GAS DESORPTION.....uiiiiiiiii et eeeee e 14

3.3. FLOW MECHANISM ... eeeee et 15
3.3.1. GAS DIffUSION. ...uviiiiiiiiiiiiieet st 15
3.3.2. Forchheimer Flow in Hydraulic Fracture.............c.cccccceeeeiennnnnn. 17

4. RESERVOIR SIMULATION BASE MODEL CONSTRUCTION AND

SIMULATION RESULTS ...t 18
5. INFLUENCING FACTOR SENSITIVITY ANALYSIS....o e 22
5.1. SENSITIVITY ANALYSIS OF RESERVOIR PARAMETERS.......... 24
5.1.1. Effect of the MatriX POroSity. ........cceeeeeiiieeeieiiiieeeeeecene e 24
5.1.2. Effect of the Matrix Permeability. .............ccccvvvviiiiiiiiiiiicciieenn, 27
5.1.3. Effect of the Natural Fracture POroSity.........cccccceeeeeiiieeeeeennnnnnn. 29
5.1.4. Effect of the Rock Compressibility.... . .eeereiiiiieeeeeereeee, 31
5.1.5. Effect of the Gas DeSOrplion........ceeeeeeeeeeeeeeeeeiiiiiinneeeenns 33
5.1.5.1 Effect of the Langmuir PresSure .....ceecceeeeeeeeeeeeeeenennn.. 33
5.1.5.2 Effect of the Langmuir VOIUME. ......comeeereeiiiieiieeeeeeieneeee, 35
5.1.5.3 Overall effect of the gas desorption.................cccceeeeeee 37
5.1.6. Sensitivity Analysis for All Reservoir Parai@rs ......................... 38
5.2. SENSITIVITY ANALYSIS OF HYDRAULIC FRACTURE
PARAMETERS ... e e 41
5.2.1. Effect of the Hydraulic Fracture Half-length............................. 42
5.2.2. Effect of the Hydraulic fracture Height .c...........coeeeiiiiiiinnnennn. 44

5.2.3. Effect of the Hydraulic Facture Spacingu......ccccevvvveeveruvvnnnnnnn 45



vii

5.2.4. Effect of the Hydraulic Fracture conducivit................cccceeeeeee 48
5.2.5. Hydraulic Fracture Parameters Sensitivitalsis ...................... 50
5.3. SENSITIVITY ANALYSIS FOR ALL PARAMETERS ...ccc..ooiiiineee. 52
5.3.1. One Year Production TeSt.........cuuumreereeiiiiiiiieieeeeeireeeee e 52
5.3.2. Five Years ProducCtion TeSt..........cceeeeeeeeiiiiirrieieeinirnieee e 54
5.3.3. Ten Years Production TeSt.........ccueeeveeiiiiiiiiieee e 57
5.3.4. Twenty Years Production TeSt.......coccccceeiveieeeeievieeeeeeiin 59
5.3.5. Summary of Sensitivity Analysis with Diffetelime Periods.....61
6. CONGCLUSION ...t e e e e e e e e e e neenn e e e e ennes 62
BIBLIOGRAPHY ..t e e e e e e e e e eneanns 64



viii

LIST OF ILLUSTRATIONS

Page
Figure 1.1 U.S. Energiroduction by Fuel, 1980-2040 ............uuuucecieriiiiiinneeeeeeeeenn 2
Figure 1.2 U.S. Dry Natural Gas ProdUCHION .. coeeeeiiiiiiiiiiiieee e eeeeeeeeeeeeeee 3
Figure 1.3 Shale Plays in LOWEr 48 STAteS ..ueeuueeriieeeeeeeiiieeiieeeiiiiiiises s eeeeeenn e 3
Figure 2.1 Explanation of Dual-poroSsity MOU .. .cooeeeiieeiiiiiiiiiiieeiiii e 6
Figure 2.2 Discretization of Matrix BIOCKS ...cceeeuuiiiiiiiiiiiciiiieeeeee e 8
Figure 2.3 lllustration of Flow in Dual Porosity el and Dual Permeability Model...... 9
Figure 3.1 Flow Connections in the “dual permeaBilModel...............cccoovvviriininnnnnnnn. 13
Figure 3.2 Langmuir Isotherm Curve for Five Shalis@®eServoirs ........ccccceeeeeeeeeeeeenn. 15
Figure 3.3 Integrated Crossplot of Porosity vsniability .............ccccoeeeeivviiiiviiiiinnn, 16

Figure 4.1 Reservoir Model with Hydraulic Fractuneshe Middle of the Reservoir.... 18

Figure 4.2 3D View of the Reservoir MOdel ...cu.oooeeeeiiiiiiieecieee e 19
Figure 4.3 Simulation Result of Base Case for GRH&R...............cceevvvviiiiiiiiiiiiniee o 20
Figure 4.4 Simulation Result of Base Case for Cativd Gas Production ................... 20
Figure 4.5 Pressure Distribution of Layer 3 afteérylears Production ............ccccccevuueeee 21
Figure 4.6 Pressure Distribution of Layer 3 afteryZars Production ...........cc.cccevvveeee 21
Figure 5.1 Box Plot — EXPIanation..........ooeeeeiiiiiiieeeeeiie e 23
Figure 5.2 Box Plot of Matrix Porosity Data Collegt....................oovviiiiiieeniee e 25

Figure 5.3 Histogram of Matrix Porosity Data Cothat................cceeiiiiiiiininiee 25



Figure 5.4 Impact of Matrix Porosity on CumulatReoduction ..............ccevvvviiiiinnnnnn. 26
Figure 5.5 Impact of Matrix Porosity on Gas Ralf...........cccceeeviieiieeeiiieiieeeeeiiiieeeee, 26
Figure 5.6 Box Plot of Matrix Permeability Data @aked .............cccccoeeeiieeninnnnnnnnn. 21.
Figure 5.7 Histogram of Matrix Permeability Datall€cted................ccovvvveiiiennnnnn. 27.
Figure 5.8 Impact of Matrix Permeability to CumuatProduction ..............cccoeeeeeeeeen. 28
Figure 5.9 Impact of Matrix Permeability to Gas@at................cceevvvevrivennnnnnnns v 28
Figure 5.10 Impact of Natural Fracture PorositZtanulative Production.................... 30
Figure 5.11 Impact of Natural Fracture Porositysts Rate ..............coevvvvvvvviinnnnnnnn. 31.
Figure 5.12 Impact of Rock Compressibility to Cuatide Gas Production................... 32
Figure 5.13 Impact of Rock Compressibility to0 GadeR...........cccooeeeeeeeeeiiiiiiiiiiiiiiim 32
Figure 5.14 Box Plot of Langmuir Pressure Data@xd ................oooeeiiiiiiiiiiiiinns 33.
Figure 5.15 Histogram of Langmuir Pressure DatdeCta#d.................ccceevvvvvvevennnnnns 4.3
Figure 5.16 Impact of Langmuir Pressure to Cumuta®Gas Production....................... 34
Figure 5.17 Impact of Langmuir Pressure to Gas Rate..............ccceeevvvvvveeeiviinnnnnnns 35
Figure 5.18 Box Plot of Langmuir Volume Data Collgt................ccoooeeiiiiiiiiiiinnnns 5.3
Figure 5.19 Histogram of Langmuir Volume Data Cotl ................ccovvvvvvrrivnnninnnnnnn. 36
Figure 5.20 Impact of Langmuir Volume to Cumulatvas Production ....................... 36
Figure 5.21 Impact of Langmuir Volume to Gas Rate...........ccccevvvvvvviiiiiiiieeeeeeennn, 37
Figure 5.22 Impact of Gas Desorption to Cumula®as Production ..............ccccceeeeennn. 38

Figure 5.23 Tornado Plot of Effect Estimate for &esir Parameters.............ccccccovueeee 40



Figure 5.24 Weights of Each Reservoir Paramete@utaulative Production............... 41
Figure 5.25 Explanation of Hydraulic Fracture Pag8aTs .............cccoevvvvvvvvnniiiennnnn. 42.
Figure 5.26 Impact of Hydraulic Fracture Half-Lem¢p Cumulative Production ......... 43
Figure 5.27 Impact of Hydraulic Fracture Half-Lemgh Gas Rate...............cceevvvvvnnnnnns 43

Figure 5.28 Pressure Distribution of Hydraulic Fuae Half-Length k=100ft and

L=500ft for Twenty Year Production ............ceeemeeeeiiieeeieeeeeeeeeeeeeeeeiiiinnnnns 44
Figure 5.29 Impact of Hydraulic Fracture HeighCiemulative Production .................. 45
Figure 5.30 Impact of Hydraulic Fracture Heigh3as Rate...................ccccceeeen. . 45,
Figure 5.31 Impact of Hydraulic Fracture Spacin@tonulative Production ................ 46
Figure 5.32 Impact of Hydraulic Fracture Spacin@#s Rate..........ccccoeeeeeeeeeeeeeeneee. 1.4

Figure 5.33 Pressure Distributions after 10 Yeas20 Years for Fracture Spacing

Ls=100ft @nd Lm200T......ueeeiiiiieiiiiieeeeee e 48
Figure 5.34 Impact of Hydraulic Fracture Condu¢yivo Cumulative Production ........ 49
Figure 5.35 Impact of Hydraulic Fracture Condudiito Gas Rate.............cccccceeeeeennn. 49
Figure 5.36 Tornado Plot of Effect Estimate for rjulic Fracture Parameters ............ 51
Figure 5.37 Weights of Hydraulic Fracture ParanseterCumulative Production.......... 51
Figure 5.38 Tornado Plot of Effect Estimate forsEiYear Cumulative Production....... 53
Figure 5.39 Weights of Parameters to First Year @ative Production ....................... 54
Figure 5.40 Tornado plot of effect estimate foefikears cumulative production .......... 56
Figure 5.41 Weights of Parameters to Five Yé&mulative Production..................... 56

Figure 5.42 Tornado Plot of Effect Estimate for ars Cumulative Production....... 58



Xi
Figure 5.43 Weights of Parameters to Ten Years Qathae Production....................... 58
Figure 5.44 Tornado Plot of Effect Estimate for TityeYears Cumulative Production. 60

Figure 5.45 Weights of Parameters to Twenty Yeamn@ative Production................. 60

Figure 5.46 Summary of Sensitivity ANAlYSIS .ccccciiiieeieiieeeeeee e 61



Xii

LIST OF TABLES

Page
Table 1.1 Shale Gas in the WOrld .........co e 4
Table 2.1 Flow Regimes Based on Knudsen NUMBEL . ..ccvviiieeiiiiiiiieeeeceiie, 12

Table 3.1 Langmuir Parameters Data of Five Majal&Ksas Reservoirs in the U.S.... 14
Table 4.1 Summary of Base Case Value ..........coeeuviiiiiiiiiiiiiiii et 19

Table 5.1 Classification of Major Parameters in@maulation Model and their Ranges
IN SeNSItIVILY ANAIYSIS ...oooiieeeeieee e s 22

Table 5.2 Langmuir Volume and Langmuir Pressurai®aifor Gas Desorption
SEeNSItIVILY ANAIYSIS....ccoiiiiiiiiiiiiie e 37

Table 5.3 Reservoir Parameters and their Value &é&rgSensitivity Analysis ............ 38

Table 5.4 Hydraulic Fracture Parameters and Thamge Values for Sensitivity
ANAIYSIS ... ——————— 50



Area

Separation

diffuse (k)
tortuo

phi

Sg

C(k,gas,i)

C(k,gas))
B

Kapp

k

p

U

p

MPOR

CPOR

Xiii

NOMENCLATURE

Description

Knudsen number

Gas Langmuir volume, SCF/ton

Gas Langmuir pressure, psi

In-situ gas pressure in the pore system, psi
The contact area between blocks i and |

The distance between blocks i anonputed from the fracture
spacings)

Diffusion coefficients (cm2/sec) fibre hydrocarbon components
A positive real number giving the tortugsf the porous medium
The porosity of the matrix block

The smaller of the gas saturations in bloekdi|

The concentration of component k endhs phase of block i
(moles per unit volume of the gas phase)

The same for block j
Forchheimer factor

Apparent permeability.
Permeability of porous media
Reservoir pressure

Gas viscosity

Gas density

Matrix porosity, friction

Rock compressibility, 1/psi



NFPOR
MPERM
LangV

LangP
SPACING
HALFLENGTH
HEIGHT

CONDUCTIVITY

Natural fracture porosity, friction
Matrix permeability, md
Langmuir volume, gmole/lb
Langmuir pressure, 1/psi
Hydraulic fracture spacing, ft
Hydraulic fracture half-length, ft
Hydraulic fracture height, ft

Hydraulic fracture conductivity, ft

Xiv



1. INTRODUCTION

1.1. SHALE GAS

Shale gas is a kind of natural gas produced frasmsale which is both source
rock and storage reservoir. In the shale gas resegas is presented as two states: free
gas in the porous media and adsorbed gas on tfaeswf organic material. As shale has
extremely low permeability which is about 10 to I@ho-Darcy, economically
development of shale had been regarded as impedesitdh very long time.

In 1998, Mitchell Energy finished the first econ@aili shale gas fracturing work
by using slick-water fracturing method. After thsthale gas gradually becomes an
important part of natural gas production.

From 2005 to 2013, shale gas had experienced @ gapivth which is mainly
caused by two technologies. The first one is hyldrdracture technology. Compared
with conventional natural gas reservoirs, shalergasrvoirs have extremely low
permeability and porosity which make it almost iregible to achieve economic
production, if just rely on traditional developingethods. The application of fracturing
technology can effectively solve the problem byduang hydraulic fractures. The
second one is horizontal well technology. Evenugiothe low permeability problem has
been solved by the hydraulic fracture technololyg,limited stimulated volume of
vertical wells still constrains the developmensbéle gas reservoirs. A horizontal well
which is drilled to intersect the pay zone can@axiely increase the contact area of
wellbore and thus increase the stimulated volurhe. dombination of horizontal well
drilling and hydraulic fracturing technology cagsificantly improve both the reservoir

permeability and the stimulated volume.



1.2. SHALE GASRESERVOIR IN THE UNITED STATES

It hasbeen nearl 200 years since the first shale gas well was dritbeFredonia
New York. However, only illast few decades large scalieshale gas developmdhas
been started.

According to the prediction made by U.S. Energyinfation Administratio
(EIA) (Figure 1.1 and Figure 1, from 2011 to 2040, the total natural gas proaurcin
U.S. will increase from 23.0 trillion cubicet to 33.1 trillion cubic feet which wi
contribute 38% of the total energy produc, as shown in Figure 1.And almost all of
this increase is due to projected growth in shakegroduction which grows from 7

trillion cubic feet in 2011 to 16.7 llion cubic feet in 204Pas shown in Figure 1.

{quadrillion Btu)

History 2012 Projections
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Figure 1.1U.S.EnergyProduction by Fuel, 1980-2040 (EJR01%)
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Figure 1.2 U.S. Dry Natural Gas Production (EIA12PD

In the lower 48 state of U.S., shale gas produasaoncentrated mainly in five
important shale gas reservoirs: Barnett, Woodfbeyetteville, Marcellus, and
Haynesville as shown in Figure 1.3. Barnett Shalene of the most successful shale gas

reservoir and also is the first one that can ecocalty produce gas from shales.

£
Source: Energy Infarmatien Administration based on data from various publ
Ipdatea: May 32011

Figure 1.3 Shale Plays in Lower 48 States (EIA,1301



1.3. SHALE GASDISTRIBUTION IN THE WORLD

According to the estimate made by EIA, the totabant of technically
recoverable shale gas in the world is 7,299 tnlboibic feet. Table 1.1 gives the amount
of technically recoverable shale gas of top 10 toes Proven natural gas reserves of all
types refer to amount of proved natural gas, inolgi@ll conventional and
unconventional natural gas. As shown in Table @rlafl countries, except Russia,
amount of estimated technically recoverable shaseig higher than proven natural gas

reserves which mean the potential of shale gasam®ous.

Table 1.1 Shale Gas in the World (EIA, 2013)

Estimated technically Proven natural gas
Country recoverable shale gas reserves of all types
(trillion cubic feet) (trillion cubic feet)
1 China 1,115 124
2 Argentina 802 12
3 Algeria 707 159
United
4 665 318
States
5 Canada 573 68
6 Mexico 545 17
South
7 _ 485 -
Africa
8 Australia 437 43
9 Russia 285 1,688
10 Brazil 245 14




2. LITERATURE REVIEW

As a tool used to study and understand performahceservoir, reservoir
simulation has been widely used all over the wéatdnore than 40 years. Compare with
conventional reservoirs, shale gas reservoir sitimmaeeds special features to deal with
natural fractures, extremely low permeability, raulic fractures and gas adsorption on
rock surface.

The goal of this research study is to build a shakereservoir simulation model
that can be employed to do sensitivity analysiddotors which will influence well

performance.

2.1. RESERVOIR SIMULATION MODELSFOR GASSHALES

2.1.1. Single Porosity Model. In a single porosity model, the reservoir is
discretized and fractures are represented expliith grid cells as single planar planes
or network of planar planes (Li et al.2011).

Very finely gridded, single porosity model can @meisreliable result and usually
has been used as reference model to check theaagairother model. However, this
fine gridded model will need very long computatibim@e which means it cannot be
used widely (Cipolla et al. 2009).

2.1.2. Dual-Porosity Model. Dual-porosity model, developed by Warren and
Root at 1963, is widely used in modeling hydradlycliactured shale gas reservoir.

In the classic dual-porosity reservoir model, theervoir is composed of matrix
and fracture (Figure 2.1). Compared with the sipgleosity reservoir where gas directly

flows from reservoir to well, in dual-porosity regeirs gas flows through the fracture



network to the well. On the other hand, the fraetuetwork is constantly recharged by
flow from the matrix in the dual-porosity model (&an, E.S. and Mercer, J.C. 1991).
The matrix system which occupies most volume ofrtioglel represents the
storage of free gas and adsorbed gas. The fraxyatem which only occupies a small
part of the whole model has relatively high permiggtand is the mainly path for gas

flow.

Fracture

(B}

\ Actual Reservoir

Figure 2.1 Explanation of Dual-porosity Model (Gam et al. 1991)

As most shale gas reservoirs are naturally fradttgeervoir, dual-porosity model
is very popular in the field of shale gas resergoimulation. A lot of studies have been
done on this area.

Du et al. (2010) simulated the hydraulically fraet shale gas reservoir as a dual
porosity system. Microseismic responses, hydrdtdicturing treatments data and
production history-matching analysis were appl@firiish the analysis. Proppant

distribution and fracture conductivity were disesThey also did sensitivity studies for



parameters including rock mechanical and stress datter holdings in fracture network,
fracture network conductivity, and micro-seismiteimsity.

Zhang et al. (2009) built up a dual-porosity siniola model to analyze the
influence of different parameters to the simulatdm@ single horizontal well. Their dual-
porosity model was developed by upscaling the diediracture network (DFN) model.
Thirteen different parameters were tested to aedlyeir impact on cumulative gas
production. This work was completed by using ECIHRBeservoir simulator by
Schlumberger).

Li et al. (2011) compared Single porosity and Du@iosity modeling methods
and presented their similarities and differencesheir study, both single and dual
porosity system can receive the similar resultrofipction response. Li et al. also
pointed out that although the model seems matdhiadistory data, for a shale gas
reservoir which only has a short history data matyable to give a reasonable prediction
of the future performance. However, for achieving $ame accuracy of result, single
porosity model created five times more grids thaal-gborosity model, which means this
single porosity case will cost much more time.

2.1.3. MINC (Multiple Interaction Continua Method). The Multiple
Interaction Continua Method (MINC) method, develdfy Pruess and Narasimhan
(1985), is an extension of dual-porosity appro&smilar with the dual-porosity model,
in MINC modeling, the fractured reservoir will biestly divided into gridblocks; and
then each of these gridblocks is composed of twogity systems: fracture porosity and

matrix porosity. After that the matrix part in MINiGethod will be subdivided into a



sequence of nested rings which will make it possiblcalculate the interblock fluid flow

by calculating flow between rings, as shown in FegR.2.

VS LAV e
s i ¢ B 7 B R
/ : [y S A : / /
/ : : M i : I / /
IR RN N 7 IR 7
2 R B L] /!
% IR T B i %

? . S L] / ¢

/) Sracwe /S S/ /" /Fractue / p Vi

Figure 2.2 Discretization of Matrix Blocks: a. MING. Dual-porosity model (Yu-Shu
Wu et al. 1988)

2.1.4. Dual Permeability Model. Same with the classical dual-porosity model,
in the dual permeability model, the reservoir isuased to consist of matrix and fractures
system. Each of them has their own properties, aggorosity, permeability, water
saturation, etc. So, each grid has one matrix ggrasd one fracture porosity.

As shown in Figure 2.3, for the flow inside eacldgboth matrix to matrix flow
and matrix to fracture flow will be considered. At matrix properties will dominate
the matrix to fracture flow. For the flow betweendg, different from the traditional
dual-porosity model, the matrix porosities in thmldpermeability model is also
connected with neighboring matrix porosities, like#cture porosities.

Moridis (2010) built up a dual permeability modaldacompared it with the dual
porosity model and the Effective Continuum ModeC{#). At the same time, they

created a reference case with extremely fine dowhigoretization, complex descriptions



of the fracture-matrix interactions in several sapains of the producing system, and
assuming that this reference case is reliable dntugvaluate the suitability of

simplified approaches. Their results showed that garmeability model offered the best
performance of the three models evaluated. But #f&y pointed out that, during the later

time of production, the deviations between refeeetase and dual-permeability case

become more obvious.

Dual permeability

—— Wellbore

S i Sl Matrix
-— 4—I = I 25 I }Fractures
—

= t 4 t

- - — ‘

Dual porosity

— Wellbore

il i1 it Matrix
“+

I I I j> Fractures
i bt t

Figure 2.3 lllustration of Flow in Dual Porosity el and Dual Permeability Model
(Pereira et al. 2006)

2.1.5. Multiple Porosity Model. Compared with the dual-porosity model which
assumes that the reservoir is made up of matriXractlre two parts, in the multi-
porosity model, the matrix is further separated imio or three parts based on different

properties, such as pore size and rock type(orgariimorganic).
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Dehghanpour et al. (2011) further assumed thatnidweix blocks in the dual
porosity model is composed of sub-matrices withonaarcy permeability pores and
micro fractures with milli to micro Darcy permeatyl The result of sensitivity analysis
shows that by taking micro fractures into the cdestion, the rate of wellbore pressure
drop has been significantly decreased.

Yan et al. (2012) presented a micro-scale modehitnmodel, the shale matrix
bulk was further separated into inorganic matrig arganic matrix, and the organic part
was further divided into two parts basing on poze sn kerogen: organic matter with
vugs and organic matter with nanopores. Therefugeetare four different continua in
their model: nano organic matrix, vugs organic matnorganic matrix and fracture.
Compared with the conventional dual-porosity moateimicro-scale model, system is
more producible and the pressure drop is muchrfabitey also built up a triple
permeability model in which all fractures, inorgaand organic porosity systems are

allowed to flow among themselves and between diffeporosity types.

2.2. GASDESORPTION

Gas desorption is an important aspect of shalstyay. The well know
adsorption isotherm which shows the relationshigvben volume of gas adsorbed and
pressure at constant temperature is widely usgdsrdesorption/adsorption analysis.

It is accepted by everyone that gas desorption ar@ésim has great impact on
shale gas production, but on earth to what dedpategas desorption will influence the
well performance and its impact on economics allecentroversial.

Bumb et al. (1998) developed an approximate armadgtiution for gas flow in gas

reservoirs where both free gas and adsorbed gsis €ken this solution was
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implemented to test the effect of gas desorptitme fesult shows that compared with
conventional reservoir without adsorbed gas, arvegecontaining adsorbed gas will
receive higher cumulative production.

Cipolla et al. (2009) analyzed the impact of gasodgtion by doing simulation
study using real reservoir data from Barnett anddélius Shales. They found that for
Barnett Shale the impacts of gas desorption is Ijnatcurring in the late life of the well
when matrix pressure become low, an increase 0i5%-in 30-year gas recover has
been predicted. Marcellus shale reservoir showsasitnend with Barnett, and presents a
10% increase in 30-year production. And they castetlithat gas desorption may not
give significant impact on economics.

Moridis et al. (2010) used the muti-component Langnsotherm equation to
analyze the effect of the amount of sorbed gasasrpgoduction. They changed the
Langmuir Volume to 0, 100, and 200 scf/ton. Theulteshows that the amount of sorbed
gas has significant impact on the prediction odpiciion.

Yu et al. (2013) observed that gas desorption dmutes over 20% of increase in
EUR at 30 years of gas production for New Albangl§tand Marcellus Shale; below 10%
increase in EUR for Haynesville Shale; between Hdf#h20% increase in EUR for
Barnett Shale and Eagleford Shale. They also pbioi that the gas desorption is more

important when fracture spacing is decreasing.

2.3. FLOW MECHANISMSIN GASSHALES
In a shale gas reservoir, the scales of pore radais large variations. On one

hand, hydraulic fractures have macro scale poresnother hand, the pores in the matrix
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are in Nano-scale. This giant variation of poredesenakes the flow of gas in shale
reservoir become very complexity.

Javadpour et al. (2007) described the flow in nanepas either the continuum or
the molecular approach and described different fiegimes basing on Knudsen number.
They built up an approach for describing gas flomanopores. Table 2.1 describes

different flow regimes basing on the Knudsen number

Table 2.1 Flow Regimes Based on Knudsen Numbea(jowur et al. 2007)

Navier-Stokes Equation
No-slip (K, < 0.001) Slip (0.001 < K< 0.1)
Continuum flow Slip flow
Darcy flow Knudsen Diffusion

Freeman et al. (2010) described the gas flow itestes three separate
mechanisms: convective flow, Knudsen diffusion, emaecular diffusion. They applied
the Klinkerberg’s method to solve the Knudsen diibn, and the Chapman-Enskodd
model to estimate molecular diffusion.

Swami et al. (2012) further identified four flowgienes in shale gas reservoirs as
based on Knudsen number: Viscous fle®w.001), Slip flow (0.001<k<10), Transition
flow (0.1<K,<10), and Knudsen'’s flow (§10). They summarized and compared 10
different theories used for calculating the nondydtow, and concluded that
Javadpour’'s model is the most reasonable apprbactistill needs validation against real

field data.
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3. MODEL SELECTION IN SIMULATION GASFLOW IN SHALES

3.1. RESERVOIR MODEL

In this study, a Dual-permeability model has beeppsed for constructing
reservoir simulation model for shale gas simulat®ame with the classical Dual-
porosity model, in this model, the shale gas resers assumed to consist of matrix and
fractures. Each of them has their own propertigsh @s porosity, permeability, water
saturation, etc. Therefore, each grid has one xjptriosity and one fracture porosity.

For the flow inside the grid, both matrix to matfiew and matrix to fracture
flow will be considered. The matrix properties vdthminate the matrix to fracture flow.
For the flow between grids, different from the fitewhal dual-porosity model, in which
matrix is only connected with fracture in the sagnie, the matrix porosities in the dual-
porosity dual permeability model is also conneatéth neighboring matrix porosities.
That means not only fracture is connected withténacin other grids, matrix also is
connected with matrix in other grids. Figure 3.bwh the explanation of flow in dual-

permeability model.

Figure 3.1 Flow Connections in the “dual perme&fiilModel. Global flow occurs
between both fracture (F) and matrix (M) grid blsck addition there is F-M
interporosity flow (Pruess et al., 1999).
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3.2. GASDESORPTION
For the gas adsorption/desorption phenomenon, dhgrauir isotherm is the
most popular model. By using the Langmuir equaflangmuir, 1918), the amount of

gas adsorbed on the rock surface can be computed.

Pg
Pg‘l'PL

c(p) =W (1)

V;,—gas Langmuir volume, SCF/ton

P,—gas Langmuir pressure, psi

P,—in-situ gas pressure in the pore system, psi

In this equation, Langmuir volume means the maxinamount of gas that can be
adsorbed on the rock surface under infinite presduangmuir pressure is the pressure
when the amount of gas adsorbed is half of the iramgvolume. These two parameters
play important roles in the gas desorption proceéssdifferent shale gas reservoir, the
contrasts of Langmuir volume and Langmuir pressead to distinct trend of gas content.
Table 3.1 gives the Langmuir parameters data efrimsain shale gas reservoirs in the US.
Figure 3.2 shows the relationship between adsaorgias content and reservoir pressure.

From Figure 3.2, it is clear that Langmuir volunetedmine the amount of gas
that can be adsorbed in high pressure conditiashLangmuir pressure determine how

the decline of gas content corresponds to themedli pressure.

Table 3.1 Langmuir Parameters Data of Five Majal&Kbas Reservoirs in the U.S.
(Wei et al. 2013).

Barnett | Marcellus| Eagleford Haynesville New Albany

Langmuir pressure (psi) 650 500 1500 1500 4125

Langmuir volume
(SCF/ton)

96 200 175 60 104.2
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Figure 3.2 Langmuir Isotherm Curve for Five Shals®eservoirs

3.3. FLOW MECHANISM

Due to the complexity of flow in shale gas reservibiree kinds of flow
mechanisms are applied in our dual-permeability @hddarcy flow in natural fractures,
gas diffusion in nano pores in matrix and Forchlegifrow in hydraulic fractures.

3.3.1. GasDiffusion. Compared with conventional gas reservoir, shale gas
reservoir has extremely low permeability; and theggsize of shale is between 1 to 200
nanometers (Swami et al. 2012).

The gas flow in macro-scale pores, such as hydréualctures and natural
fractures, is following the Darcy’s law and candmpplied as same as the conventional
reservoir. But the gas flow in the nano-scale pardao longer follow the Darcy’s law.
For this part of the reservoir, diffusion flow shdbe considered. Figure 3.3 presents the

classification of flow type basing on permeabilpyprosity, and s pore throat values.
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Hinkley et al. (2013) pointed out that Langmuir algion actually occurs on the
wall of pores. But gas cannot be transport to par@simmediately; another theory is

needed to calculate the gas diffuse from bulk Hodyores wall.

CHART FOR ESTIMATING FORE THROAT APERTURE
(Extension to Tight Gas and Shale Gas)
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Figure 3.3 Integrated Crossplot of Porosity vsnigsbility (showing flow units for
conventional, tight gas and shale gas reservogdan f3s pore throat values)
(Rahmanian et al., 2010)

In CMG-GEM, the gas diffusion is presented by betxywation:

V= (Areal/ly)) * (Kairusd T) * phi * Sg * (C(k, gas, i) — C(gas, })) (2)
V—The gas phase diffusion rate
Area—the contact area between blocks i and j,

Lj—the distance between blocks i and j (computed fiteerfracture spacings),
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K gitiuse —diffusion coefficients (cAisec) for the hydrocarbon components,

T—a positive real number giving the tortuosity loé fporous medium,

phi—the porosity of the matrix block,

Sg—the smaller of the gas saturations in blockslija

C(k,gas,i) —the concentration of component k ingdhe phase of block i (moles
per unit volume of the gas phase),

C(k,gas,j) —the concentration of component k inghe phase of block j.

3.3.2. Forchheimer Flow in Hydraulic Fracture. At high flow velocities in the
fractures, the relationship between pressure gnadmd fluid velocity is no longer linear,
so linear Darcy’s flow is no longer valid. Gas flawhydraulic fracture follows
Forchheimer flow modédMoridis et al. 2010). Darcy’s law describes the ilaan flow
regime with zero inertia whereas the Forchheimeagqgn represents the laminar flow
regime with inertia effect.

Forchheimer Equation (H. Huang et al. 2006):

_op_ 2
=tV +ppV )@

k is permeability of porous media. Factbrs deduced experimentally from the

1

slope of the plot of the inverse of the apparenteability vs. a dimensional pseudo

kapp
Reynolds numb@HrK.

1 9p1 _ 1

FTBE ) (4

kapp - ox uv Tk u

Kapp IS apparent permeability.
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4. RESERVOIR SIMULATION BASE MODEL CONSTRUCTION AND
SIMULATION RESULTS

In this study, a base case model is built up fatesgas reservoir simulation and
sensitivity analysis. Simulation studies are perfed by using CMG-GEM. Figure 4.1

and Figure 4.2 show 2D and 3D view of the resemmdel.

Grid Top (ft) 2000-01-01 K layer: 3
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Figure 4.1 Reservoir Model with Hydraulic Fractuneshe Middle of the Reservoir

The model dimension in areal is 2500 ft * 2000rftZ direction, the model has 6
layers, and each of them is 50 ft in height (Figu. The top of first layer is 6800 ft. A
horizontal well is drilled in the middle of the srsoir. Natural fractures are existed in
this reservoir. The horizontal wellbore length @ ft. Hydraulic fractures have been

created. Table 4.1 gives the summary of resenaaupeters.



Grid Top (ft) 2000-01-01

Mty IlIIIIIIIIIIII I
ili i ll! IIIl%HHEEE H

! ,;mmmf"‘

ﬁﬂ o ummll

7,050
17,025
7,000
6,975
6,950
6,925
6,900
6,875

6,850
6,825

6,800

Figure 4.2 3D View of the Reservoir Model

Table 4.1 Summary of Base Case Value

Parameter Value Unit
Model Dimensions 2500*2000*300 ft
Initial Pressure 2400 psi
Depth 6800 ft
Average Temperature 200 °F
Bulk density 158 Ib/ft3
Total Compressibility 3e-6 pSi
Langmuir Pressure 650 psia
Langmuir Volume 100 SCF/ton
Matrix Porosity 0.06

Matrix Permeability 0.0002 mD
Natural Fracture Porosity 0.02

Natural Fracture Permeability 0.01 mD
Hydraulic Fracture Conductivity 2 mD*ft
Hydraulic Fracture Spacing 200 ft

19
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Table 4.1 Summary of Simulation Parameters (cont.)

Hydraulic Fracture Half-length 300
Hydraulic Fracture Height 220
Horizontal Well length 1000

BHP 500 psi
Gas Diffusion 1e-08 ffs

Figure 4.3 and Figure 4.4 presents the resultadyction forecast for base case

simulation. Both cumulative production and gas puatithn rate for 20 years are showed.
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Figure 4.3 Simulation Result of Base Case for Gate R
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Figure 4.4 Simulation Result of Base Case for Cativg Gas Production
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Figure 4.5 and Figure 4.6 give the change of dhstion of pressure from ten
years to twenty years of Layer 3 in which the hamial well is located. From these two
figures, it is clear that, for both 10 years’ siatidn and 20 years’ simulation, the range

of pressure drop do not touch the boundary of veser

Pressure (psi) 2010-01-01 K layer: 3

000'L-
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————————
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Figure 4.6 Pressure Distribution of Layer 3 afteéryZzars Production
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5. INFLUENCING FACTOR SENSITIVITY ANALYSIS

Sensitivity analysis of this thesis is construdieded on the base case and
surveyed range of shale gas properties. In totaired parameters has been considered
during the analysis. As summarized in Table 5.as¢hparameters are divided into two
categories: a) reservoir parameters and b) hydréalcture parameters. Reservoir
parameters include matrix porosity, matrix permigbnatural fracture porosity, Gas
desorption (including Langmuir pressure and Langr@oiume), and rock
compressibility. Hydraulic fracture parameters uild Hydraulic fracture conductivity,

Hydraulic fracture spacing, hydraulic fracture Halfigth, and hydraulic fracture height.

Table 5.1 Classification of Major Parameters in @imaulation Model and their Ranges in
Sensitivity Analysis
Hydraulic Fracture

Reservoir parameters Range Range
parameters

_ _ Hydraulic Fracture
Matrix Porosity 0.02 - 0.10 o 1-9
Conductivity (md-ft)

Hydraulic Fracture

Matrix permeability (md) 18- 10° . 100 - 500
Spacing (ft)

_ 0.005 - Hydraulic Fracture

Natural Fracture Porosity 100 - 500
0.04 Half-length (ft)
Langmuir Pressure
_ 400 - 1500 _

Gas (psi) Hydraulic Fracture

) : _ 100 - 300
Desorption| Langmuir Volume Height (ft)
60 - 220

(SCF/ton)
Rock compaction (p3) 10%- 10°
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For determining range of sensitivity parameters; jplot is employed to
summarize the data collected from different pulddspapers. Box plot is a standardized
way to present the distribution of data. The baxglsed in this paper are based on five
number summaries: the minimum, the first quartile, median, the third quartile, and the

maximum. Figure 5.1 presents the explanation ofgdlokused in this study.

Maximum

75" Percentile

Median

25" percentile

Minimum

Figure 5.1 Box Plot — Explanation

Response surface methodology (RSM) is applied pboex the relationships
between parameters and cumulative production. Tdia rdea of RSM is to use a set of
designed experiments to build a proxy (approxinmtimodel to represent the original
complicated reservoir simulation model (CMG-CMOS3eUs Guide — Version 2013).
In this thesis, reduced quadratic proxy model @iafd to estimate the effect of each

parameter.

Kk Kk
y = ao+ X apx + X a7 + Xy XKL agixx; (5)
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In this proxy model, ;ag;, and @, are parameter estimate coefficients. Larger
coefficient means the parameter is more importatie final result.

Tornado plot was applied to give a visual displagftect estimate results. In the
tornado plot, the actual predicted response chaaglke parameter (or the cross term and
guadratic) travels from the smallest sample vabuda¢ largest sample value was reported.
The Maximum bar represents the maximum cumulatreeyction among all the training
jobs. The Minimum bar represents the minimum cutindgrroduction among all the
training jobs.

As there are too many combinations when analyhegtfect and interplay of a
set of parameters, it will be impossible to coMecambinations in the experiment. Latin
Hypercube sampling was used to generate job pathexm all possible job patterns. A
job pattern represents the combination of one @ddr sample value for each parameter
in the simulation model. Latin hypercube samplibg$) is a statistical method for
generating a sample of plausible collections oapeater values from a multidimensional
distribution. The sampling method is often useddostruct computer experiments

(CMG-CMOST User’s Guide — Version 2013).

5.1. SENSITIVITY ANALYSISOF RESERVOIR PARAMETERS

In this section, influence of each reservoir par@meill be studied separately.
After that, all the parameters will be gatheredetbgr to analyze interplay between them.
Parameters studied in this section include: maioposity, matrix permeability, natural
fracture porosity, Langmuir pressure, Langmuir wod) and rock compaction.

5.1.1. Effect of the Matrix Porosity. Compared with the porosity in

conventional natural gas reservoir, which can bleiglis as 48% (Michael D. Max2006),
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the porosity of shale gas reservoir is usually leetvi2% to 15%. Figur5.2 and Figure

5.3 gives the distributioaf matrix porosity summarized from published paj
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Figure5.Z Box Plot of Matrix Porosity Data Collected
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Figure5.2 Histogram of Matrix Porosity Datdollectec

Basing on the data collected from published paserssitivity analysis of matri
porosity to shale gas productiwas finished by using CMOSExcept Matrix porosity

all the other parameters applied in this simulatiomsame with base case mo



Influence of matrix porosity to cumulative prodwetiand gas rate are

demonstrated in Figure 5.4 and Figure 5.5.
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Figure 5.5 Impact of Matrix Porosity on Gas Rate

Figures 5.4 and 5.5 demonstrate the influence dfixq@orosity on shale gas

production. Basing on the simulation result, they8rs cumulative production of
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reservoir with 10% matrix porosity will 2765MMSCF, and the 20 years cumulat
production of reservoir with 2% matrix porosity ibe 2541 MMSCFAnN 8.1%
difference has beeachievei between the lowest matrix porosity and the higbast

5.1.2. Effect of the Matrix Permeability. Shale gas isvell knowr for its
extremely low permeability which is on10° to 10° md. This is also the main reas
that makes it impossible to recoxthe gas by conventional methodgcording to the
data collectedthe shale gas matrix permeability in U.Smainly distributed between -
3 and 10 mD. The box plcin Figure 5.6 and histogram in Figure §ive detailed

information aboumatrix permeabilitydata collected.
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Basing on the data collected, five simulation cagéls matrix permeability
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varying from 10° mD to 10° mD have been created and simulated. Figure 5.% mpunle

5.9 provide simulation result of 20 years cumukagpwvoduction and gas rate.
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From the figure above it is clear that the influeod¢ matrix permeability to the
gas production rate is very insignificant, the eliénce between each cases can hardly be
distinguished. Even in the cumulative productioot pthe difference between cases is
pretty small. According to the predict of 20 yepreduction, reservoir with 10-3 mD
matrix permeability can only produce 213 MMSCF mgas than reservoir with 10-5
mD, which is 7.7% of the whole production.

Since the matrix permeability is one of the mogtamant reasons that block the
economic recover of shale gas, it should have gt effect on gas production.
However, simulation result shows that the influeateatrix permeability is very
limited. The reason of this phenomenon is thatoalgjin the matrix permeability has been
increased to hundreds times, it is still in a re&y low level compared with fracture
permeability, which cannot make a big differencéhmfinal result.

5.1.3. Effect of the Natural Fracture Porosity. It is known to all that shale gas
reservoir is naturally fractured reservoir. Howewaacording to Julia et al. (2007) natural
opening-mode fractures in the Barnett Shale area owemonly narrow, sealed with
calcite, and present in an echelon arrays. Thewdnactures are all sealed and cannot
contribute to reservoir storage or enhance resecemiductivity. But, Fisher et al. (2004)
and Warpinski et al. (2005) stated that hydraubctures stimulation will active and re-
open nature fractures; and these re-opened nétacalres will provide pathway for gas
flow.

Therefore, it is accepted that natural fracturgpkn important role after

hydraulic fracture stimulation has been implementethe reservoir. Different from
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matrix, natural fracture has a much higher permgablhus, natural fracture should be
the main channel for gas flow from matrix to hydm@aéracture and then to wellbore.

In this study, all the existing natural fractures eonsidered in the open mode.
Natural fracture porosity is employed to test thftuience of natural fracture to shale gas
production. According to published data, the raofgeatural fracture porosity is assumed

to be 0.005 to 0.04.

Figure 5.10 and Figure 5.11 give simulation resoftsatural fracture porosity

sensitivity analysis.
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Figure 5.11 Impact of Natural Fracture Porosit{ts Rate

For 20 years prediction, the case with 3% natueadtfire porosity shows 2744
MMSCF cumulative production, and the case with Ori#tural fracture porosity shows
2421 MMSCF cumulative production, which is 11.8%éo than the 3% one.

5.1.4. Effect of the Rock Compressibility. During gas production, the reservoir
pressure will change a lot, and this pressure ahani affect properties of reservoir,
such as matrix permeability and porosity, fracipeemeability and porosity. Thus, it is
important to take rock compressibility into consaten. In this study, range of rock
compressibility is assumed to be®1lipsi to 10" 1/psi. Both matrix and fracture have
same rock compressibility. Figure 5.12 and Figul& gjive simulation results of rock

compressibility sensitivity analysis.
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Figure 5.13 Impact of Rock Compressibility to GagedR

Basing on the simulation result, the 20 years catud production of reservoir
with 1e-4 1/psiis 2915 MMSCF, and the 20 yearswative production of reservoir
with 1e-6 rock compressibility is 2566 MMSCF. A % difference has been achieved

between the lowest rock compressibility and théésg one.
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5.1.5. Effect of the Gas Desor ption. According to the Langmuir isotherm
equation, except reservoir pressure, gas desorptamess is controlled by two
parameters: Langmuir Volume and Langmuir Pressarghis section, the influence of
Langmuir volume and Langmuir pressure were analyzeéididually first then as
combined.

5.1.5.1 Effect of the Langmuir pressure. Langmuir pressure is the pressure
when the amount of gas adsorbed is half of the iramgvolume. The box plot in Figure

5.14 and histogram in Figure 5.15 show the distitiouof Langmuir pressure data.
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Figure 5.14 Box Plot of Langmuir Pressure Data €xéd
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Basing on the two figuriabove, a range o8 psi to 1500 psi fcLangmuir
Pressure has bedetermined. For this part, Langmvolume has been fixed at 1
SCF/ton. Figures 5.1&nd5.17 present the sensitivity analysis results of Langr

pressure.
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Figure 5.17 Impact of Langmuir Pressure to Gas Rate

5.1.5.2 Effect of the Langmuir volume. Langmuir volume is the maximum
amount of gas that can be adsorbed on the rocacitinder infinite pressure. The box
plot in Figure 5.18 and histogram in Figure 5.18whhe distribution of Langmuir

volume data.
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Figure 5.18 Box Plot of Langmuir Volume Data Cotezt
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Figure5.1¢ Histogram of Langmuir Volume Dataollectec

Basing on two figures above, a range of 60 SCR&di20 SCF/ton has be¢
determined for sensitivity analysis. For this paengmuir presure has been fixed at 6!

psi. Figures 5.20 ansl21 present the sensitivity analysis results of Langrpressure
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Figure 5.21 Impact of Langmuir Volume to Gas Rate

5.1.5.3 Overall effect of the gas desorption. For study the influence of gas
desorption to shale gas recover, three cases learedesigned basing on different

Langmuir volume and Langmuir pressure, as showirable 5.2.

Table 5.2 Langmuir Volume and Langmuir Pressureui®alfor Gas Desorption
Sensitivity Analysis

Case 1] Case 2 Case 3 No Gas Desorption
Langmuir Pressure (psi) 400 1000 1500 N/A
Langmuir Volume (scf/ton) 60 140 220 N/A

20 yr. Cumulative Production(MMSCKR504 | 2646 | 2775| 2449

From Figure 5.22, it can be seen that gas desorptilbincrease 2.2% - 13.3% of
the 20 yr. ultimate gas production which means fivateservoir with different Langmuir
parameters the results will be dramatically differé\t the same time, desorbed gas is
mainly produced during late time of production.\@tether or not the gas desorption

should be taken into consider is depends on ecanlimiis and reservoir properties.
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Figure 5.22 Impact of Gas Desorption to Cumulatas Production

5.1.6. Sensitivity Analysisfor All Reservoir Parameters. In this part, all six
reservoir parameters mentioned above are considegether.
Ranges of parameters are provided in the TableDBXE (Design of Experiments

method) is applied to generate 224 experimentsriating the proxy model.

Table 5.3 Reservoir Parameters and their Value &é&rgSensitivity Analysis

Parameter Value Unit
Langmuir Pressure 400 - 1500 psi
Langmuir Volume 60 - 220 SCF/ton
Matrix Porosity 0.025-0.10

Matrix Permeability le-3-1e-5 md
Rock compaction le-4 - 1e-6 psi-1
Natural Fracture Porosity 0.005 - 0.04

Reduced Quadratic proxy model for reservoir paranset
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Cep = 1.15522 10° + 3.06922 x 102 « CPOR — 7.43388 * 10'° « LangP
+ 4.50303 * 10° x LangV + 3.36108 * 10'* * MPERM + 2.02781

* 1019 x MPOR + 2.22082 x 10'° « NFPOR — 2.85072 * 1015 « CPOR
* CPOR — 6.30267 * 1012 x CPOR = LangV + 1.11318 = 103 « CPOR
* MPOR + 1.43965 = 103 x CPOR * NFPOR + 1.1181 * 10'3 * LangP
* LangP — 5.04848 * 10! x LangP * LangV + 4.14465 = 10!

* LangP * MPOR + 3.43468 * 10 x LangP » NFPOR — 1.97262

* 1010 « LangV * MPOR — 2.61703 % 101 « LangV * NFPOR
—9.55955 * 103 * MPERM * MPERM — 4.39757 x 10! «x MPERM

* MPOR — 5.97771 * 10*! x MPERM « NFPOR — 5.08726 * 10*°

* MPOR * MPOR — 1.24145 % 10! x MPOR * NFPOR

—8.29543 * 101° « NFPOR * NFPOR (6)

MPOR — matrix porosity, CPOR — rock compressihiltfFPOR — natural
fracture porosity, MPERM — matrix permeability, lgdAh— Langmuir volume, LangP —
Langmuir pressure.

Figure 5.23 shows the result of proxy analysisurhalative production. Value
after each parameter is the expected increasenadletive production by changing that
parameter from lowest to highest. So, the largewntlue is, the more important the
parameter will be.

From the result, it is clear that matrix porosgythe most important parameter for
20 years cumulative production, after that is rocknpressibility, natural fracture
porosity, matrix permeability, Langmuir volume, doahgmuir pressure. Maximum is
the maximum cumulative production by using providaoges of parameters. Minimum
is the minimum cumulative production by using po®d ranges of parameters. In this

figure, the unit of Langmuir volume is gmole/lbdatine unit of Langmuir pressure is

1/psi.



40

Maximum
Minimum
MPOR(0.02, 0.1) 579E+08
NFPOR(0.005, 0.04) '3.431E+08
CPOR(1E-06, 0.0001) Ea.;;a:ﬂlo
MPERM(1E-05, 0.001) 1:977E+08
MPOR*NFPOR  {-1738e+08] |
MPOR*MPOR | -1.6286+08]
LangV(0.0359, 0.1317) e
LangP(0.00067, 0.0025)- +8:895E+07 |
[ LangV*MPOR 1 -7.sses+o7|:
%  NFPOR‘NFPOR - 5.0818507 |
g MPERM*MPERM +4:685E+07
a LangP*LangV 4:425E+07
CPOR*MPOR 4:408E+07
LangV*NFPOR +4:387E+07
LangP*MPOR 3.034E+07
CPOR*LangV 2:989E+07
CPOR*NFPOR || 24948407
LangP*LangP |'1.872E+07
MPERM*MPOR =1:741E+07
CPOR*CPOR +1:397E+07
LangP*NFPOR 1.1E+07
MPERM*NFPOR “1.036E+07
-1E+09 0 1E+09 2E+09 3E+09 4E+09

C_G_P(Reduced Quadratic (alpha=0.01)) (ft3)

Figure 5.23 Tornado Plot of Effect Estimate for &esir Parameters

MPOR — matrix porosity, CPOR — rock compressibiltfFPOR — natural
fracture porosity, MPERM — matrix permeability, Igdh— Langmuir volume, LangP —
Langmuir pressure.

In Figure 5.24, result from simulation has beeraaiged and presented with
percentage of contribution to cumulative producttbanging. Langmuir volume and
Langmuir pressure are combined together and trest@the parameter, because both of

them are used to describe the influence of gasrpleso.
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NFPOR(0.005, 0.04) % 17.48%

CPOR(1E-06, 0.0001) % 16,36%

Gas Desorption E 12.40%

MPERM(1E-05, 0.001) E 10.07%

I
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Figure 5.24VNeighis of Each Reservoir ParametessQumulative Productic

Among all reservoir parameters tested in studyyimporosity is the mos
important parameter whicis 43.7®6 weight, natural fracture and rock compressib
have similar weights which a17.48% and 16.36, gas desorption and mat

permeability haveelatively small weight, 12.40% and 10.07%.

5.2. SENSITIVITY ANALYSISOF HYDRAULIC FRACTURE PARAMETERS

In this sectioninfluence of each hydraulic fracture parametdr lva studiec
separately. After that, all the parameters wilploé together to analyze interplay betwt
them. Parameters studied in tsection include: hydraulic fracture hadfagth, hydraulic
fracture height, hydraulic fracture conductivitpdahydraulic fracture spacinFigure

5.25 gives explanation of hydraulic fracture partarse
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Figure 5.25 Explanation of Hydraulic Fracture Paztars

5.2.1. Effect of the Hydraulic Fracture Half-length. Hydraulic fracture half-
length is the horizontal distance from horizontalllore to the end of hydraulic fracture.
In this research, relationship of shale gas prado@nd hydraulic fracture half-length is
performed by changing hydraulic fracture half-lénfyfom 100ft to 500ft. Figures 5.26
and 5.27 show the influence of hydraulic fractuaé-fength to cumulative production

and gas rate.
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Figure 5.26 Impact of Hydraulic Fracture Half-Lem¢p Cumulative Production
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Figure 5.27 Impact of Hydraulic Fracture Half-Lemgp Gas Rate

From Figures 5.26 and 5.27, it is clear that alffiotihe cumulative production

and gas rate will increase with the increase dftine half-length, the increase of

cumulative production is not proportional to thergase of fracture half-length.

Increasing fracture half-length from 100ft to 20€din enhance 484 MMSCF to

cumulative production; however, increasing fractua#é-length from 200ft to 300ft can

only enhance 341 MMSCF to cumulative productioratliheans increasing the fracture
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half-length do will enhance cumulative productibat the improvement of production
will gradually decrease with the increases of tieethalf-length.

Figure 5.28 compares pressure distribution of fna&chalf-length equal to 100ft
and 500ft for twenty year production. It is clelaattin both two cases, the pressure
transition does not reach the reservoir boundathabthe phenomenon mentioned above

is not on account of limitation of reservoir size.
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Figure 5.28 Pressure Distribution of Hydraulic Fuae Half-Length k=100ft and
L+=500ft for Twenty Year Production

5.2.2. Effect of the Hydraulic Fracture Height. Since the reservoir thickness is
300ft, the upper limit of hydraulic fracture heightset as 300ft. The candidates value of
sensitivity analysis for hydraulic fracture heiginé 100ft, 150ft, 200ft, 250ft, and 300ft.
Figures 5.29 and 5.30 show the result of sengitawitalysis of hydraulic fracture height.

From the figure below, it is clear that hydrauliadture height shows similar
trend with hydraulic fracture half-length. With neasing of fracture height, the

cumulative production will also increase, but thereasing rate will decrease when
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fracture height comes to high level. Different withcture half-length, limitation of

reservoir dimension is one of the most importaasoas for this phenomenon.
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Figure 5.29 Impact of Hydraulic Fracture HeighCiomulative Production
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Figure 5.30 Impact of Hydraulic Fracture HeighZas Rate

5.2.3. Effect of the Hydraulic Facture Spacing. When placing multiple
transverse fractures in shale gas reservoirscitisial to minimize the spacing between
fractures in order to achieve commercial productaies and an optimum depletion of
the reservoir (Cipolla et al. 2009). The fractypadng determines the number of

fractures along the horizontal wellbore; and theertoydraulic fractures, the bigger the
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stimulated reservoir volume, the greater the pradacHowever, due to economic and
geomechanics limitation, it is infeasible to intely increase the number of hydraulic
fractures.

Figures 5.31 and 5.32 depict the impact of hydcaudictures to the cumulative
production. Fracture spacing of 100ft, 200ft, 3paftd 500ft have been selected for the
sensitivity analysis. Since the length of horizbmtall is 1000ft, case with 400ft and

500ft will have same number of fractures, and eatle 400ft spacing was abandoned.
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Figure 5.31 Impact of Hydraulic Fracture Spacingtonulative Production
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Figure 5.32 Impact of Hydraulic Fracture Spacingts Rate

From Figure 5.31 and Figure 5.32, it is clear thatraulic fracture spacing has

enormous influence to shale gas production. By gimgnfracture spacing from 200ft to

100ft, cumulative production will increase from 28MSCF to 3344 MMSCF which is

increased 28.0%; and for the gas rate, althougjtreagnd of 2020 (20 years) the

difference on gas rate between cases is relatsrabll, but within the first ten years there

are significant differences between them.

Figure 5.33 shows the pressure distributions f@ftidase and 200ft case. It is

clear that case with 100ft fracture spacing hagelapressure drops than the case with

200ft. At the same time, it can be seen from tigisre that the difference of areas of

pressure drop between 100ft case and 200ft isergthig.
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Figure 5.33 Pressure Distributions after 10 Yeas20 Years for Fracture Spacing

5.2.4. Effect of the Hydraulic Fracture Conductivity. Hydraulic fracture

conductivity is defined as the product of hydradlacture width and permeability. It is

an important parameter to evaluate the qualityydf&ulic fracture.

In this model, changing of fracture conductivityaiscomplished by varying

permeability of hydraulic fracture. Five optionslomd*ft, 3 md*ft, 5 md*ft, 7 md*ft,

and 9 md*ft are selected for sensitivity analysis.

Figure 5.34 shows the impact of hydraulic fractmaductivity to cumulative

production. It is obvious that the fracture condutt has significant influence on the
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cumulative production. When the fracture conduttiis enhanced from 1 md*ft to 3
md*ft, the cumulative production is dramaticallgreased from 1834 MMSCF to 2996

MMSCF, which increased 63%. After that, from 3 mid&f 9 md*ft, growth rate is
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Figure 5.34 Impact of Hydraulic Fracture Condu¢yiwo Cumulative Production

Figure 5.35 shows that, except the case with 1 ithé differences of gas
production between cases is mainly existing infittse 10 years of production. After 20

years, there is almost no difference between cagkdracture conductivity ranging

from 3 md*ft to 9 md*ft.
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Figure 5.35 Impact of Hydraulic Fracture Conducyito Gas Rate
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5.2.5. Hydraulic Fracture Parameter s Sensitivity Analysis. In this section,
sensitivity analysis was applied to all above nared hydraulic fracture parameters to
determine their impact to shale gas production. GWi@vas applied for hydraulic
fracture parameters sensitivity analysis. A redupgaldratic model was created by using
response surface methodology to estimate the effexdich parameter. 117 job patterns
were generated for creating the proxy model. Tablggives a summary of range of

hydraulic fracture parameters.

Table 5.4 Hydraulic Fracture Parameters and Thaige Values for Sensitivity Analysis

Parameter Value Unit
Hydraulic Fracture Half-length 100 - 500 ft
Hydraulic Fracture Height 100 - 300 ft
Hydraulic Fracture Spacing 100 - 500 ft
Hydraulic Fracture Conductivity 1-9 mD*ft

Below is the reduced quadratic model equationrimseof actual parameters:

Cumulative Gas Production
= 5.12972 * 10® — 6.55292 * 10° * SPACING + 5.74939 = 10°
* HALFLENGTH + 7.43302 * 10° « HEIGHT + 2.42412 = 108
* CONDUCTIVITY + 10532.8 * SPACING * SPACING — 7992.47
* SPACING * HALFLENGTH — 5294.03 * SPACING * HEIGHT
— 136947 « SPACING x CONDUCTIVITY — 5376.94 x HALFLENGTH
+* HALFLENGTH + 5768.71 « HALFLENGTH « HEIGHT + 581001
* HALFLENGTH » CONDUCTIVITY — 12921.3 x HEIGHT * HEIGHT
+ 281159 * HEIGHT * CONDUCTIVITY — 2.48022 * 107
* CONDUCTIVITY « CONDUCTIVITY (7

SPACING — Hydraulic fracture spacing;

HALFLENGTH — Hydraulic fracture half-length;
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HEIGHT —Hydraulic fracture heigr
CONDUCTIVITY — Hydraulic fracture conductivity.

Figure 5.36 and Figure 5.37 give the resuresponse surface methodol.

Minimum 7.113E+08
SPACING(100, 500) 4

HALFLENGTH(100, 500) 1 1:674E+09

CONDUCTIVITY(1, 9) 1 1:471E+09

HALFLENGTH*CONDUCTIVITY - 9:296E+08

e
SPACING*SPACING |'8:426E+08

CONDUCTIVITY*CONDUCTIVITY-|-+7.937€+08]

HEIGHT(100, 300) | 7e2se0s

SPACING*HALFLENGTH | --6304ev08| |

HALFLENGTH*HALFLENGTH - -4302ev08] |
HEIGHT*HEIGHT 425848408

Parameters

HALFLENGTH*HEIGHT 2:307E+08

HEIGHT*CONDUCTIVITY 2:249E+08
SPACING*CONDUCTIVITY A +2:191E+08

SPACING*HEIGHT +2:118E+08
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Figure 5.36TornadaoPlot of Effect Estimate for Hydraulieracture Paramete

SPACING(100, 500) 30.93%

HALFLENGTH(100, 500) 29.59%

CONDUCTIVITY(1, 9) .00%

HEIGHT(100, 300) 3.489
B
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Figure 5.37 Weightsf Hydraulic Fracture Parametess@umulative Productic
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From the simulation result above, it is clear float20 years production hydraulic
fracture spacing is the most important paramethichvhas a weight of 30.93%.
Hydraulic fracture half-length and conductivity leasimilar effect to the cumulative
production. Fracture height, due to the limitatafmeservoir thickness, has the lowest

influence to production.

5.3. SENSITIVITY ANALYSISFOR ALL PARAMETERS

After analyzing the impact of individual reservamd hydraulic fracturing
parameters on shale gas production separatelyrangigg, effects of parameters for 1,
5, 10, and 20 years cumulative production will &eked. Latin hypercube design is used
for creating simulation jobs. For each sensitigiiydy, 534 jobs have been generated to
build up proxy model for effect estimate for eaelse

5.3.1. OneYear Production Test. Simulation results (Figure 5.38 and Figure
5.39) show that in the first year, cumulative prcithn is dominated by hydraulic
fracture parameters, four kinds of hydraulic fraetproperties occupy top 4 in effect
ranking. Hydraulic fracture spacing is no doubtitih@st important factor in the first
year’s production, which is 33.67 %. After thahigraulic fracture conductivity with
26.63 %. Hydraulic fracture half-length and heiggave similar effect, which is 12.76 %

and 11.68 %. All effects of reservoir parameteestziow 5 %.
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Cumulative Production

Parameters

= —5.38522 % 107 + 4.78312 * 107 * CONDUCTIVITY + 909298

* HALFLENGTH + 1.72444 = 10® * HEIGHT — 1.72132 = 10°

* SPACING + 1.04915 = 10! « CPOR — 6.70741E + 09 « LANGP

— 4.62259E + 08 x LANGV + 1.72443 = 10! « MPERM + 1.21263
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+ 1.80522 * 10® «* HEIGHT * LANGV — 1.37453 * 108 « HEIGHT

* MPERM + 3941.09 * SPACING * SPACING — 5.77318 = 108

* SPACING * CPOR — 1.34826 * 108 « SPACING x MPERM — 2.98441
* 10® x SPACING * MPOR — 2.56049E + 06 * SPACING * NFPOR
— 6.22371 % 10'3 x MPERM * MPERM — 1.50691 * 10'° x MPOR

« NFPOR (8)
Maximum -—ﬁ
4.164E+07
SPACING(100, 500) =4
b I 13:361E+08
SPACING*SPACING | R AL I-3:153E+08
7=1.871E+08
HALFLENGTH(100, 500) L611E+08
|1.474E+08
CONDUCTIVITY*HALFLENGTH 1:379E+08
=1:299E+08
HALFLENGTH*SPACING A 9.96E+07
| 1'9:387E+07
HALFLENGTH*HALFLENGTH -8 7
1 =8:278E+07
MPERM(1E-05, 0.001) - 6:298E+07
q =5.973E+07
MPOR(0.02, 0.1) b 5:856E+07
4.824E+07
SPACING*MPOR 4:775E+07
1 <3.:05E+07
SPACING*MPERM . :2:67E+07
2.45E+07
CONDUCTIVITY*CPOR I 2:21€+07
2.126E+07
MPOR*NFPOR b <2:11E+07 [}
2.087E+07
CONDUCTIVITY*LANGV 1 7
=1:792E+07 [
CONDUCTIVITY*MPERM [ 1.74E+07
1.729E+07
CONDUCTIVITY*NFPOR 1:498E+07
=1:361E+07
LANGV(0.0359, 0.1317) 1:341E+07
=1.227E+07
SPACING*CPOR =1.143E+07
-5E+08 0 5E+08 1E+09 1.5E+09

C_G_P(Reduced Quadratic (alpha=0.1)) (ft3)

Figure 5.38 Tornado Plot of Effect Estimate forsEiYear Cumulative Production
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Figure 5.39Veighis of Parameter®tFirst Year Cumulative Producti

5.3.2. Five Years Production Test. As shown in Figure 5.40 and Figure 5.
similar to effect estimate results for first yeaccarding to effect estimate for five yea
hydraulic fracture properties arell dominate factors for cumulative productic
However compared with the result of first year ge@l, the effects of hydraulic fractL
spacing and conductivity have slight decreaseherother hand, hydraulic fractu
height and halfength increase a little. Effects of reservoir paesers are still in a pret
low level.Overall, for short term production, hydraulic fraw is the most importa

factor that can influence the cumulative product
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Cgp = —2.38182 * 108 + 1.18359 % 108 * CONDUCTIVITY + 1.41984 = 10'% « CPOR

+ 2.51456 * 10° * HALFLENGTH + 2.56038 * 10° * HEIGHT

— 3.73704E + 10 * LANGP + 1.38984 % 10° * LANGV + 3.80536

* 101 * MPERM + 7.66449 * 10° x MPOR + 2.11814 * 10° x NFPOR
— 3.42637 * 10° * SPACING — 1.31305 = 107 * CONDUCTIVITY

* CONDUCTIVITY + 299878 * CONDUCTIVITY « HALFLENGTH

+ 307221 * CONDUCTIVITY * HEIGHT + 3.15731 * 10*°

* CONDUCTIVITY * MPERM + 5.78621 = 108 * CONDUCTIVITY

* MPOR + 4.85427 = 108 * CONDUCTIVITY * NFPOR — 258555

* CONDUCTIVITY x SPACING + 4.72441 * 10° « CPOR * HEIGHT

— 4.20506 * 102 x CPOR * SPACING — 2912.94 » HALFLENGTH

* HALFLENGTH + 3317.65 * HALFLENGTH * HEIGHT — 2.37481

* 108 x HALFLENGTH * MPERM + 6.46701 * 10° * HALFLENGTH

* MPOR + 5.99729 x 10° * HALFLENGTH * NFPOR — 5266.09

* HALFLENGTH * SPACING — 6511.93 * HEIGHT * HEIGHT + 9.76165
* 10% x HEIGHT * MPOR + 1.22961 * 107 * HEIGHT * NFPOR
—4717.91 » HEIGHT = SPACING — 5.8313 * 10! * LANGP * MPOR
+ 1.31569 * 108 * LANGP = SPACING — 1.52376 * 101° « LANGV

* MPOR — 9.37857 = 1013 * MPERM * MPERM — 3.76508 * 108

* MPERM * SPACING — 2.46438 * 10'° x MPOR * MPOR — 1.92813

* 107 x MPOR * SPACING — 1.598 = 107 * NFPOR * SPACING

+ 9824.17 = SPACING * SPACING 9
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Figure 5.40Tornado plot of effect estimate fove yearscumulative productic
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Figure 5.41Weighis of Parameters to Five Yedsmulative Poductior
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5.3.3. Ten Years Production Test. For ten years midterm production analysis,
hydraulic fracture properties are still dominatthg cumulative production. The weight
of hydraulic fracture spacing and conductivity keeping on decrease. Effect of
hydraulic fracture half-length increased to 18.1(Fyure 5.42 and Figure 5.43). Matrix
porosity replaces matrix permeability and becorhestost important reservoir

parameter.

Cgp = —1.86714 = 107 + 8.55309 = 107 * CONDUCTIVITY + 1.60196 * 10'? « CPOR

+ 2.60244 = 10° * HALFLENGTH + 2.56749 * 10° « HEIGHT

+ 3.60062E + 10 * LANGP + 2.43805 * 10 * LANGV + 2.1669 * 10!
* MPERM + 4.01022 * 10° * MPOR + 7.15161 * 10° * NFPOR

— 2.86895 * 10° * SPACING — 2.10824 x 107 * CONDUCTIVITY

* CONDUCTIVITY + 1.342 * 101! « CONDUCTIVITY * CPOR + 499528
* CONDUCTIVITY * HALFLENGTH + 516045 * CONDUCTIVITY

* HEIGHT — 9.00939 % 10° * CONDUCTIVITY * LANGP + 2.36644E

+ 08 * CONDUCTIVITY * LANGV + 7.25419 % 10*° * CONDUCTIVITY
* MPERM + 8.1483 * 108 * CONDUCTIVITY * MPOR + 1.64337 * 10°
* CONDUCTIVITY * NFPOR — 290987 * CONDUCTIVITY * SPACING

+ 5.71924 = 10% = CPOR * HALFLENGTH + 1.08014 * 10'°> * CPOR

* MPERM — 8.31537 * 10° * CPOR * SPACING — 3439.65

* HALFLENGTH * HALFLENGTH + 5252.13 * HALFLENGTH * HEIGHT
— 2.10847 = 108 * HALFLENGTH = LANGP + 2.9585 * 108

* HALFLENGTH * MPERM + 1.58147 = 107 * HALFLENGTH * MPOR
+ 1.02882 = 107 * HALFLENGTH * NFPOR — 8126.64 * HALFLENGTH
* SPACING — 6737.99 * HEIGHT * HEIGHT — 5.02348 * 108 » HEIGHT
* LANGP + 2.03773 * 107 * HEIGHT * MPOR + 1.5689 * 107 « HEIGHT
* NFPOR — 5325.07 * HEIGHT * SPACING + 4.55818 * 103 * LANGP
* LANGP + 7.58246 * 101! « LANGP * MPOR — 1.76067 * 1012

* LANGP * NFPOR — 2.95685 = 101° * LANGV * NFPOR — 5.35848

* 10® * LANGV * SPACING — 2.49924 * 10'* x MPERM * MPERM

+ 1.8074 * 10*2 * MPERM % MPOR — 5.97373 * 108 * MPERM

* SPACING — 2.29597 % 10*° * MPOR * MPOR — 4.29664 * 10*°

* MPOR * NFPOR — 2.7908 = 107 * MPOR * SPACING — 2.31976 * 107
* NFPOR * SPACING + 11659.3 * SPACING * SPACING (10)
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5.3.4. Twenty Years Production Test. For twenty years long term production
simulation (Figure 5.44 and Figure 5.45), the dftstimate result is quite different.
Hydraulic fracture half-length becomes the mostangnt factor which has a weight of
23.04%. Matrix porosity takes the second placeffeceestimate. Fracture height and
spacing fail to No. 5 and No. 6 in the ranking.

Overall, for long term production, reservoir paraeng become much more

significant than ever before, especially for maporosity and permeability.

Cgp = 85406.7 — 162.482 * SPACING + 4028.12 * CONDUCTIVITY + 53.278

« HALFLENGTH + 344.247 * HEIGHT — 3.43754 * 108 + CPOR

— 2.04685 * 107 * LANGP + 374992 * LANGV + 2.00989 * 107

« MPERM — 70757.4 * MPOR + 1.0169 * 10° * NFPOR + 0.139635

* SPACING * SPACING + 22.4827 * SPACING * CONDUCTIVITY

— 0.256237 * SPACING * HALFLENGTH + 0.426062 * SPACING

« HEIGHT — 650933 * SPACING * CPOR + 26232.6 * SPACING

« LANGP — 784.399 * SPACING * LANGV — 2218.88 * SPACING

* MPOR — 1639.29 * SPACING * NFPOR — 2571.12 * CONDUCTIVITY
+ CONDUCTIVITY + 38.7525 * CONDUCTIVITY * HALFLENGTH

+ 2.75804 * 107 * CONDUCTIVITY * CPOR + 51634.4

+ CONDUCTIVITY * LANGV + 5.0954 106 * CONDUCTIVITY

« MPERM + 105658 * CONDUCTIVITY * MPOR + 95748.8

+ CONDUCTIVITY * NFPOR — 0.142108 * HALFLENGTH

* HALFLENGTH + 1.17193 * 105 * HALFLENGTH * CPOR + 2804.87
« HALFLENGTH * MPOR + 2021.77 * HALFLENGTH * NFPOR

— 1.11206 * HEIGHT * HEIGHT + 1.19629 * 105 * HEIGHT * CPOR
+ 1886.33 * HEIGHT * MPOR + 2.27798 * 10° * CPOR * MPOR
+1.26682 * 108 * LANGP * MPOR — 2.32313 10 * LANGV * MPOR
+3.04337 * 108 * MPERM * MPOR — 8.30986 * 106 * MPOR

« NFPOR (11)
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5.3.5. Summary of Sensitivity Analysiswith Different Time Periods. Figure
5.46 gives the summary of sensitivity analysis tgsin different time periods. It is clear
that the influences of rock compaction, naturattinee porosity, gas desorption, matrix
porosity, matrix permeability and hydraulic fraeuralf-length are increasing with time.
On the other hand, effects of hydraulic fracturghi hydraulic fracture conductivity,

and hydraulic fracture spacing are decreasing tvib.

Figure 5.46 Summary of Sensitivity Analysis

5008
0.00%

500
100% 1

5.00%
200%

500
2005 1



62

6. CONCLUSION

A three dimensional single phase dual-permeatshigle gas reservoir model has
been built. Three kinds of flow mechanisms (Datowf Non-Darcy flow, and Gas
diffusion) as well as gas adsorption and desorptiechanism have been considered in
this model. A multi-stage hydraulically fracturedrizontal well is located in the middle
of the model.

The effect several reservoir parameters and hyidraaktture parameters to
cumulative production have been studied. Reseparameters (including matrix
permeability, matrix porosity, natural fracture psity, rock compressibility, and gas
desorption) and hydraulic fracture parameters (@i fracture spacing, hydraulic
fracture half-length, hydraulic fracture condudiyyiand hydraulic fracture height) have
been studied separately. Result of these studiebeased to improve the efficiency of
history match and help to accurately forecast spaseproduction performance.

Hydraulic fracture spacing, half-length, condudtihand height are all significant
parameters for production performance, especialghiort term production. For long
term study, the effect of hydraulic fracture partarewill decrease relatively.

Compared with hydraulic fracture parameters, tifle@@mces of reservoir
parameters are insignificant in short term productHowever, in long term testing, the
effect of matrix porosity and permeability beconsgwimportant to the cumulative
production. Natural fracture porosity shows simitend, but does not have that great
effect. Effects of gas desorption and rock compactalthough are increased over time,

are remaining in low level for all production ansib;
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Influences of reservoir parameters and hydraudicttire parameters for different
time periods were quantified by simulation for 1, ¥ryr., 10 yr., and 20 yr. production

and the results were analyzed.
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