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ABSTRACT

This paper addresses the risks and rewards associated
with Devonian sl.ale gas wells in West Virginia, Ohio,

and Kentucky. In the development thereof, both geo-
sc ience and geostatistical studies were pursued.
A geoscience approach was used to identify the plays
or groups of counties in each of the “three statea
having similar geology. Within these plays, data
from existing wells were acquired to quantify reser-

voir parameters (pressure, depth, well spacing, and
productive interval). Afterwards, a dual-porosity,
single-phase simulator was used to forecast expected
performance from stimulated wells. Using these
curves , rese.ves were estimated for each play.

A geostatistical approach was used to rank and quan-
tify the risk (probability of production) associated
with drilling and producing Devonian shale wells in

selected plays. The rewards associated with new well
drilling ventures were addressed in the economic

parameters of payout time and return on investment.

This study should be of interest to Appalachian inde-
pendents and businesses considering development of
shale gas wells. It should reduce considerable
uncertainty relative to areas worthy of drilling and,

within them, options for stimulation.

INt’RODUCTt[$!—

The recent downturn in petroleum and natural gas
prices has depressed the development of Devonian
shale reserves within the Appalachian Basin. The
high-risk nature of drilling Devonian shale wells
exists because of a lack of operator knowledge on
prediction of natural fracture spacing orientation
and occurrence, proper well pattern and spacing, and
expected reservoir performance from a variety of
stimulation technologies.

References and illustrations at end of paper.

The Department of Energy’s eastern gas shales project

has established the geologic framework of Devonian

shale stratigraphy over the entire Appalachian Baain
such that operators can high grade areas of greater
organic-rich shale from maps.1 1P addition, over
20,000 feet of oriented cores and well logs from

35 wells have been analyzed for geologic reservoir
properties such as porosity, permeability, natural
fracture spacing, gas content, and mineralogical

analysis to permit engineering studies to be nmdc.2
In this effort, reservoir simulators like “SUGAR”

have been developed to predict reservoir performance
using che core and well log data. Key features of

the SUGAR model include the ability to model matrix

and natural fracture fluid flow IS well as drsorptiol]
of gas from a tight shale matrix.

Recent industry surveys on investment analysis i[}Ji-
cate that nondiscounted methods like payback Ilcri(,,l

and return on investment are key indicators ior tlrri-

sion making.3

TECHNICAL APPROACH

In order to understand the impact of ~,xtr,a[.ti[,l

technology on the development of Devoni ,In sll.:1(

gas resources, a systematic geoscience al,proarl

was developed to partition the regional exLs?nt O!

Devonian shale gas resources in a three-state arra 01
West Virginia, Ohio, and Kentucky. Key terhtlic:!l

issues to be addressed include identification of kc’!

geotechnical variables that distinguish one regi[~l
from another. The approach taken was to assenthl(

horizontal stress trajectory, natural fracture orien-
tation, mechanic fabric trend, and pernleabilit)

anisotropy data tc partition areaa expected to bav[
similar shale geology (Figure 1). Wi!.hir.these p*r-

titioned areas, expected gas recov~rv >r different
stimulation methods were predicted ax.d isk/ rewa rds

related to them were calculated to e aluate fututv
drilling ventures in a specific area.

I



~ RISKS AND REWARDS LJFWELL DRILLING IN TffE DEVONIAN SHALES SPE 15232

-... .—
uISIJLTS/OBSERVATIONS West Virginia 7

Tecl,nically Recoverable Gas The total recoverable Devonian shale gas from West
Virginia is estimated to range fr-m 11.1 to 44.5 Tcf,

rcchnically recoverable gas from the Devonian shales depending on the completion and stimulation tech-
is estlmaLdd at 26 Tcf usin< traditional borehole nology employed.5 Of this, :1 to 18 Tcf are recov-
;hooLing technology. With advanced stimulation a.ld erable from the better defined westerc portion of the
.111.!Icvelopment of new shale areas, the potential

-,)111(I reach 83 Tcf.
state where the gas production is from che Huron and

Whe.- ~ number of geologic Rhinestrcet members. In the traditional producing
+LUdi,SS h.]ve been completed, sufficient data exists area of Wayne, Lincoln, LOgan, anti Mingo Counties,
(1 {“[lrther subd:vide the settirig into partitioned favorable reservoir properties such as high permea-
11’(.,3sor plays {Figure 2). In the accomplishment bility, thick net pay, limited aniso~ropy, and close
,Iic,r,wll, comp:[ter history matching of simulated to fracture spacing (5-10 feet) lead to nigh gas recov-
JIIu.1[ protiuction data was the technique employed to cries per well” /.46~cf in 40 years wi.tn borehole

,sl:11)1isll the reser~.oir parameters for a particular shooting. Larg< vertical fracturing adds little to
Ii!y. Spe[i fically, long-term gas production data ultimate recovery.
.,.,.1~usc(i for the history match to determine the
11.!illl(L of fracture permeability and net productive As drilling progreases northward, the estimates of
[i,,,~,,(>bs. Representative wells were identified for recovery decrease towards the northern edge of the
11111>1$ coilnLies where sufficient production dzta were producing area comprised of Pleasants, Ritchie, and
lv.i]l.~!.lcto characterize the resource in a statis- Wood Counties. Higher rock pressures, moderate net
L](.llly meaningful way. In selecting representative thicknesses and low natural fracture permeability
!.,,11s,the {iat~ base was screened t: identify wells combine to give per well recoveries of 218 fffcf
(1) 111.IL were individually metered; (2) that had pro- (borehole shooting) and 355 MNcf (large ver~ical
Iut.ti[>[]from shale members distinguishable from other fracturing).
l]or]sll.]lcproducing horizons; (3) that included high,
,Iver.ig(>, ~nd low producers; and, (4) had at least Ohio
5 y~.)rs of production data.

The analysis shows that the gas flow rates and ulti-
LIsillg Lhe reservoir properties known for the repre- mate recovery per well vary widely in Ohio, from
sent~Live counties, the model was employed to deter- relatively high gas production in the south to low

Inlint,fracture permeability and the “net productive
sh.il(, thickness”

production rates in the shallow, northern area along
that matched the initial gas flow Lake Erie. The total recoverable gas in the state is

r:ltc,,~s well as matched long-term gas production. estimated to. range from 6.2 Tcf with borehole shoot-
‘frchnically recoverable gas was then calculated for ing to 15.2 Tcf with advanced stimulation (massive
each area as shown in Tables 1, 2, and 3. hydraulic fracturing).6

Kentucky In the sc~thern portion of Ohio, in Lawrence and

Gallia Counties, high gas recovery is due to favora-
“rechnically recoverable gas from the Devonian shales ble reservoir properties, such as high pressure,
of Kentucky is estimated at 9.4 Tcf using traditional good net thickness, and close fracture spacing
bG -ehole shooting in the currently drilled areas of (5-10 feet). Per well recoveries for borehole shoot-
the state. With advanced stimulation (600-font frac- ing are 386 NMcf with traditional technology and
Lures) and the development of new shale areas, the increase to 1,o8o MMcf with large vertical fractur-
poterrtial could reach 23.2 Tcf.4 ing. As drilling progresses northward, despite the

high adsorbed gas content, the production estimates
Part of the traditional producing area of the Big decline due to low rock pressures. Estimates per
Sai)dy Field lies in eastern Kentucky and has produced

nsLural gas from Devonian shale since the 1880’s.
well in the north central countie , Wayne and Stark

Counties, range from 79 MMcf (borehole shooting) to
‘lIJUS, remaining drillable area in this region has 320 MMcf (large vertical fracturing). Gas production
declined over time. For instance, in Martin and
Floyd Counties, due to the extensive development in

in northern Ohio is limited by low rock pressures in
the shallow shales despite good gas contents and

the lsst century (over 1,200 Devonian shale wells in shale thicknesses.
this two-county area alone) only 319 square miles of .
a potential 630 square miles is now considered as Probability of Production -- The Risk
undeveloped. The gas in-place for the entire set-
ting (~.rzrditional producing area) is estimated to be The probability of success associated with new shale
19.5 ref. As expected in this area, comparatively
high p~mneability, thick net pay, limited anisotropy,

gas well ventures within the partition areas of the

states Kentucky, West Virginia, and Ohio was derived
;+nd a (:lose fracture spacing of 5-feet lead to a good from a statistical analysis of available production
$as 1(:l:ovet.y per well (962 Mlicf in 40 years with
bor(>hol. shooting),

data and is the sole indicator of risk used in this
although the recovery efficiency study. In the development thereof, Cumulative fre-

is ~,u(fer;,te, at 43 percent of the gas in-place. tlov- quency distribution plots were made to show how one
Ing norLhward from the Big Sandy Field area towards state compares with anotl’rer. These are s? ‘-m in Fig-
Lawrence and Johnson Counties and westward to Leslie ure 3. The number of data points used to make the
and Perry Counties, per well production estimates plots for Kentucky, West Virginia, and Ohio were 655,
range from 305 MMcf to 592 MMcf depending on stimula-
titin.

304, and 82, respectively. These plots enable one tc
;<ecovery efficiencies range from 47 percent readily make relative comparisons and to provide a

recovery cf the gas in-place with borehole shooting general picture of the region based on sparse but
to 79 percent recovery with advanced technology. actual production data. The geology and relatei

. ..--.-— “.-
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eservoir characteristics are not explicitly taken CONCLUSIONS.—
nto account.

Kentucky

f the criteria for a successful well is thought to
e indicative of an open flow potential greater than Area I is represented by Floyd County and has been

00 MCFD following stimulation, then the probability one of the prime shale producing areas of Kentucky.

f success in Kefi.tuckjris .77, in Vest Virginia it Provided a auit~ble well spacing and suitable reaer-

S .51, and in Ohia it is .1o.’ Open flow poten- voir pressure could be found in this heavily drilled

iala exceeding 300 MCFD have typically produced area, well bore shooting could be an attractive

00 million cubic feet (MKCF) in 3 yt=~:s and have a investment at a 26 percent return on investment for

umulative production of 600 i24CF over 40 years. a $+2/Zfcf gas price. The use of conventional size

‘reduction probabilities for the partition areas with 150-foot hydraulic fractwes in three areas repre-

.he three states were obtained from data populations sented by Pike, Perry, and Lawrence Counties could

~ithin then.. Where data was lacking for a partition, result in attractive returns on investment ranging

he probability value for t~ area adjacent to it was from 13 to 32 percent with payout times frcm 3 to

wed. 6 years,

Economics -- The Rewards West Virginia

~ Devonian Shale Gaa Economics Model (DGEI1) haa been Devonian shale gas can be economically produced at

Ieveloped for t!.e Morgantown Cnergy Technology Center a ~ 15 percent return on investment in portions of

:MfiTC). Its purpose is to allow for the economic three partitioned areaa represented by Logan,

Ippraisal cf gas production from Devonian shales in Lincoln, and Jackson Counties, West Virginia. As a

) variety of geologic setting. and using a variety minimum, conventional hydraulic fracture treatments

}f stimulation technologies. The model is “uaer- designed to ach?.eve 150-foot fracture half-lengths

:riendly” such that, through ita interactive applica. are required. Payout times are calculated to be from

:ion, the user can define the values desired for the 3 to 4 years. Other areas represen~ed by Kanawha,

,mportant parameters affecting the economic appraisal Ritchie, and Fayette produced a return on investment

>f Devonian shale gas production. from 4.8 to 7.5 percent only after using 600-foot
hydraulic fractures. Certainly under the oresfnt

~he user can perform evaluations of Devonian shale wellhead prices of natural gas, these areas wili not

]rojects in any of three ways: be developed.

. Define a required return on investment and Ohio

determine the minimum required gas selling
price. The economics of drilling shale wells in Ohio appear

attractive in Area 1 represented by Lawrence County,

. Define a gas selling price and determine the In this area, conventional hydraulic fracturing could

required return on capital investment. potentially yield a 20 percent return on investment.

Marginal rewards are identified for Area 2 (Licking

. Define a gas price and required return on County) but only when massive fracturing technology

investment and calculate the cash flow resulting is used to create 600-foot hydraulic fractures. For

from a project. all other areaa in Ohio, the economic attractiveness

is drastically reduced based on current market well-

Analysis using DGEM can be performed on a single-well head prices for natural gas.

or a multi-well pattern for any defined project life
for a well or field. Several different stimulation ACKNOWLEDGEMENTS

methods (borehole shooting, radial stimulation, or
hydraulic fracturing) can be modeled or no stimula- te authors would like to thank Mr. David Izon, all

tion can be assumed. Values for engineering costs Oak Ridge Associated Universities intern on assi.2n-

are determined based on location, reservoir depth, ment at the U.S. Department of Energy, NorganLol{Il

gas production rate, and stimulation methods. The Energy Technology Center, for his assistance in ruu-

user can then use these predetermined costs or can ning the DGEM model.

define their own.
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TABLE I.-TEcHNlCALLy Recoverable GAS FROM DEVONIAN SHALES ok rkN I UcKy

STATE OF KENTUCKY TECHNICALLY RECOVERABLE GAS(TCF) lN4f3 YEARS
—— —

TOTAL TARGET SMALL LARGE

DRILLABLE GAS IN PADIAL RADIAL VERTICAL

PARTITIONED AREA PLACE BOREHOLE STIMULATION STIMULATION FRACTURE

AREA (SQ, Ml) (TCF) SHOOTING r’W =30< Xf=150’ Xf=600’

1. GEOLOGIC

SETTING I

AREA I 319 5.4 2.5 3.2 3.6 4.4

AREA II 474 2.8 1.7 2.0 2.3 2.4

AREA Ill 919 8. [ 3.7 4.8 5.5 6.3

AFIEA IV 615 3.2 1.5 2,0 2.4 2.9
— —— —

TOTAL 2,327 19.5 9.4 12.0 14.0 16.0

“:ABLE 2–TECHNICALLY RECOVERABLE GAS FROM DEVONIAN SHALES OF WEST VIRGINIA

STATE OF WEST VIRGINIA TECHNICALLY RECOVERABLE GAS (TCF) IN 40 YEARS

TOTAL TARGET SMALL LARGE

DRILLABLE GAS IN RADIAL RADIAL VERTICAL

PARTITIONED AREA PLACE BOREHOLE STIMULATION STIMULATION FRACTURE

AREA (SQ. Ml) (TCF) SHOOTING r’w =30’ Xf=150’ Xf=600’

1. GEOLOGICAL

SETTING I

AREA I 169 0.7 0.5 0.5 0.5 0.5

AREA II 688 5.1 2,4 3.0 3.5 3.9

AREA Ill 1,480 6.9 2.8 4.2 4.7 5.4

AREA IV 623 2.2 1.6 1.7 1.8 1.8

AREA V 1,379 7.2 2.4 3.2 3.6 4.4

AREA VI 809 3.2 ‘ 1.4 1.8 2.0 2.3
-—— — —

TOTAL 5,168 25.3 11.1 14.4 16.1 18,3

TABLE 3-TECHNICALLY RECOVERABLE GAS FROM DEVONIAN SHALES OF OHIO

STATE OF OHiO TECHNICALLY RECOVERABLE GAS (TCF) IN 40 YEARS

TOTAL TARGET SMALL SMALL LARGE

DRILLABLE GAS IN RADIAL VERTICAL VERTICAL

PARTITIONED AREA PLACE BOREHOLE STIMULATION FRACTURE FRACTURE

AREA (SQ. Ml) (TCF) SHOOTING #W =30’ Xf=150’ Xf = 600’

1. GEOLOGIC
SETTING I

AREA I 543 4.1 0.84 1.16 1.58 2.35

AREA II 3,577 12.4 2.95 4.06 4.67 6.21

AREA Ill 2,869 4.4 1.46 1.98 2.33 3.04

AREA IV 2,641 24.8 0.84 1 35 1.78 3.38

AREA V 313 0.4 0.05 0.06 0.06 N.A

AREA VI 1,035 3.3 0.04 0.07 0.09 0.20
—— . ..— .—— - ._. —. .

TOTAL 10.978 49.4 6.18 8.68 10.52 1518



TABLE 4–RISKS/REWARDS FOR KENTUCKY (gas price @ $2.00;Mcf)

RISKS REWARDS

PR(TBA131LITY
OF TOTAL INVESTMENT 40 YR PRODUCTION PAYOUT TIME RETURIW ON INVESTMENT

A$WA COUNT IL“ STIMULATION METHOD PRODUCTION . (THOUSANDS) [MMCF) (YRSI IPERCENT)

i FLWU 8“1%1HOI E SHOOIING r!l 15? 948 454 2567

X1 H:?lA1 SIIWIL AI ION t 84 1?40 317 40 C6

! 50 H’lDliAU1IC F!iACIURt ,97 $471 1 24 646’4

6,)0 +lvORAUtC FRACIURL 235 I 703 ! 07 IWW3

!1 l% E BORLliOLE SHOOTING 76 t 89 44b 885 929

Jo HADIALSIIMU1 A1lON 202 534 563 1584

1w MVORAULICFilACTURF 2t0 592 277 25’49

G“(] MYG+IAULICFRACIUNk 229 634 , 96 5677

[,1 W RRY BOREliOLE SHOOTING 79 105 492 870 1060

30 RADIALSTIMULATION 1;3 652 488 2065

150 HYCfUULIC Fi 3ACTURE 188 740 329 3272

600 HYDRAULIC F1lACTUtTE 207 852 161 7813

IV LAWTiCNC[ 0017m0Le SH00rINC3 85 169 30 s !6 20 4 17

39 RADIAL ST(WJ1A1lOM 162 ac+ 943 891

! 50 HYDRAULIC FRACTURE 17, 478 645 1394

6@0 HYDRAULIC FRACTURE ,90 590 402 3268

m 3“0 MCF0

TABLE 5-RISKS/REWARDS FOR WEST VIRGINIA (98s pfh @ $2.00/Mcf)

RISKS REWARDS

PROBABILITY
OF TOTAL INVESTMENT 4D YR PRODUCTION PAYOUT TIME RETURN ON INVESTMENT

;,(+[ A COUNTIE S STIMULATION METHOD PRODUCTION . [THOUSANDS) (MMCF) (YRS) [PERCENT)

L !,( {Vw RORf t<ol [ WIOOIWG 67 I 69 307 752 .968

.10 RADIALS1lMULA1tGN I 80 3? 1 494 1430

! ,>() HvLJI1,UJL!CFRACIUITt 188 323 363 2060

,.(), ! Fl) nHALIL,c r “Ac,”ll[ ?04 324 218 3573

,7 I <X,Ati DOIU HW.t SHOOTING 53 167 640 953 9 !2

,At>IIAGML STIMWA1!ON 185 549 625 14SS

9‘>” H“DR$,”LIC FRACTURE 195 626 4 15 7397

1,”0 HYnRAt)LIC ~!7AC1UllL 2?2 702 210 55 CKT

,!, ,,, ,11, BOREt+OiE SHOOTING 50 313 ?32 . . Um

It) t4AmALs71MuLAT10N 327 349 36 % 009

t ‘s!) 84>CIRA”l IC f RACIURE 336 394 IS 79 I 47

<,,,,, H\ Ull,Ull IC FRACTURk 356 4s9 999 487

IV .JACKSON OORf HOLE SI+GOIING 42 f 80 313 1007 595

JO RADIAL S1lMUL&TION 190 344 647 1048

t 50 HYOITA”LIC FRACTURE I 98 357 4 ?8 1490

6~ HVC+IAULC FRfiCIURE 213 366 284 2700

v KANAW>{A SIOREI+OLESHOOTING $3 214 213 . . Ow

30 RADIALS1lMULATtON 229 2a5 3069 053

150 HYDRAULIC FRACIURE 23e 337 ?905 z 45

6C4 HYLMAuLC FRACTURE 260 413 844 746

VI RITCMIE LIO+IEHO+CSltODTffi 42 t 95 216 . . owl

30 RAC4ALS1WULATiG+4 207 279 21 !3 1 22

t 50 HVGRAULC FRACTURE 216 307 1665 282

600 HVDRAULC FRACT~ 233 354 815 693

—

*OT 360 MCFD . .PAYOUT TIME > PT!JXWCTON LIFE
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TABLE 6–RISKS/REWARDS FOR OHlO (gaa price @ S2.00/Mel) S% 15232
RISKS REWARDS

PROBABILITY

OF TOTAL INVESTMENT 40 YR PRODUCTION PiYOU r TIME

AREA COUNTIES

RETURN ON INVESTMENT

STIMULATION METHOO PROWCTON , (THOUSANDS) (MMCF) (YRS) (PERCENTI

t LAWREWE 20.=2 HOLE WOOTV+G 19 ! 26 386 1264 735

30 RADIAL SIMULAT!ON 141 527 86! Ilae

150 MWRAULC FRACIURE 150 1i9 522 2039

=5w HY~AULIC FRACJUfN f 72 1M9 363 4924

,, lKK!W BOREMOLE WOO? W 0 I 02 202 2502 I 15

JO RAUAL SIWJLATION 112 279 1421 542

t 50 HVMAULG FRACTURE I 20 322 1153 724

600 HvDF+AULICF-ACWW 136 42L 720 !283

ill Gut nNSEY 00REHOIE SW20TIW3 .01 I 70 125 . . 000

JO RAC#ALS1lMULAIKX I 83 I 70 . . . OOD

150 WC+3AULIC FRACTURE 191 200 . . Om

w() HYLWAULIC FRACTURE ’210 264 23 5s 039

w VIAYNE R041EF+WE SHOOTIWS <01 105 71 . . Ocm

30 RACdALSTIMULATON 117 t 25 . . 090

150 HvCSAUL!C FRACTURE !25 165 ., am

669 HYDRAULIC FRACIURS f44 314 1640 442

v H“Row DOREnoLE SHOOTING <01 78 36 ., 000

30 RACW.LSWAULAIION e5 48 . . 000

t 50 WDRWLIC FRACTURE 02 49 . . Ow

6W HVCERAIJLICFRAcTu6t 103 60 . . 0s4

VI TRUMWLL @322EWME E.MOOIIW <01 11? 10 ,. Oml

30 R~AL STAWl AllON I 20 17 . . 000

150 HYDRAULIC FRACIUF?E 135 22 . . 009

60CI MYORAULiCFRACTURE 153 46 . . OLW

.!# .JW $ACFO , .PAvWT lIUE > PROOIXTG+I LIFE

i NATURAL FRACTURE ORIENTATION I

I RESERVOIR PROPERTIES

\ u~
I PERMEABILITY ANISOTROPY

1 I MECHANICAL FABRIC I
v

STATES DELINEATION OF
PARTITIONED AREAS

COUNTIES

PREDICTED PERFORMANCE

“SHOOTING” HYDRAULIC TAILORED-PULSE-LOADING

‘L-f-.”x
I TECHNICAL LY RECOVERABLE GAS

I

/L~_
WHERE TO DRILL a’ HOW TO EXTRACT

Fig. l—lachnld ●pproach to quantifying parameters10eatimalerecoverablegas.
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