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I. INTRODUCTION

_ As the convent1ona1 domest1c natural’ gas supplies dwindle, the
natlon must seek ways ‘to slow these trends and to obtain new supp11es

The cho1ces faced are controvers1a1 cost]y, ‘and rlsky “They entail

difficult ba]anc1ng among hlgher pr1ces “accelerated deve]opment “reliance

on ]mports and,new techno]ogy

Th1s study* has been conducted to ass1st pub11c decision-makers
se1ect among many ch01ces by address1ng two quest1ons ’ ‘

. ® How severe is the need for additional future
~ supplies of natural gas?; and -

o e What ig the economic potentialsof‘providing a’
portion of future supply through enhanced
recovery f?om unconventtonal natural gas

resources7 N o

Beyond the analys1s of these two quest1ons -the study serves to
assist the Department of Energy** to: '

! . .
®  Design-a cost—effective research: and development
v program to sttmulate tndustry to recover thts
unconventtonal gas and to produce tt sooner

% Attachment A to this chapter out11nes the overa]] |
approach to the analys1s '

%% puring the course of the study, the Energy Research and -
Development Administration (ERDA) became part of the
Department of Energy (DOE).
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II. BACKGROUND

Until recently, the more conventional sources provided enough
natural gas to meet the nation's demands. It was neither necessary nor
economic to develop anything more than the discovered, conventional reser-
voirs, or the "cream" of the unconventional resources.

Now, sharply declining production necessitates re-examination of
this posture. This study finds that research and technology development
in enhanced gas recovery -- tapping unconventional gas sources -- can sub-
stantially augment domestic natural gas supply in the near term as well as
. the long term.

A combination of economic incentives and publicly sponsored R&D
could ultimately add 200 to 220 Tcf (trillion cubic feet) of gas supply
from unconventional sources (Exhibit 1-1). '

e The contribution of the unconventional sources,
even under current technology and gas price of
$1.75/Mcf, is substantial -- 70 Tcf.

e Introducing advances in the technology increases
the total to 150-160 Tcf.

e Combining a price of $3.00/Mcf (or its economic
equivalent) with advanced technology raises the
potential of gas from unconventional sources to
200-220 Tcf -- equal to current domestic proved
reserves.

C



ry

nconventional Natural Gas Resources (Tcf) -

Estimated Ultimate Recove

U
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Exhibit 1-1

" The Potential of Gas from Unconventional Sources

200-220

220 o v
200 @ CURRFNT TECHNOLOGY
(] ADVANCED TECHNOLOGY
150 = , 150~-160
100 =

70

N
D\

% |

JiL

* IN CONSTANT 1977 DOLLARS.

CURRENT CURRENT AND

TECHNOLOGY ADVANCED -
& $1.75%/MCF TECHNOLOGY
d $1.75%/MCcF

CURRENT AND
ADVANCED
TECHNOLOGY

@ $3.00*/MCF
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Moreover, important quéntifiés of this gas could be delivered in
the near-term. As shown in Exhibit 1-2, unconventional gas could add 1 Tcf
to 4 Tcf per year by 1985 and as much as 2 Tcf to 8 Tcf per year by 1990,
depending on the specific economic and technology policies selected by
public officials.



.Annual Production in Tcf/Year . -

Exhibit 1-2

Annual Production from Unconventional Sources to the Year
- 2000 at$1.75 and $3.00/Mcf

. $3.00

CASE'

- 51 75 ‘
BASE
CASE

2000

"'ADVANCED

sl
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I11. DOMESTIC SUPPLIES OF NATURAL GAS

A. Supply From Conventional Sources N

Production from conventional sources* of domestic natural gas
under prices of $1.75/Mcf** and current technology shows a continuing down-
turn throughout the rest of this century.

Supply of Conventional Source Natural Gas

Year ‘ Tcf/Year
1978 19
1980 , 17
1985 13
1990 11
2000 8

B. Contribution of Unconventional Sources

Unconventional sources of natural gas even now significantly contri-
bute to domestic production. These sources currently provide about 1 Tcf per
year and could provide, under Base Case*** technology assumptions, over 2 Tcf

per year in 1990.

*  Including currently proved reserves (excluding Alaska),
inferred reserves added to known fields, and the seven-
year historic rate of new discoveries.

** A full analysis of price/supply elasticity of conven-
tional gas sources was beyond the scope of this study;
thus, all projections of conventional gas supply were
made at $1.75 per Mcf. However, the geologic data and
the analysis of near-conventional gas sources show that
important additions to supply could accrue only after
prices reach threshold levels that open up major new,
and heretofore uneconomic, frontiers.

*** The Base Case assumes that, without a substantial
Federal R&D role, industry as a whole would apply
the technology that is currently the state of the art.
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C. -Total Domestic Natural Gas Supply

Combining production from the conventional and unconventional
sources, total gas supply from domestlc sources would be as follows
(Exh1b1t 1-3): :

Total Domestic Gas Supply From A11 Sources
(@ $1.75/Mcf)

Additional
Base Case ' Total
“Conventional* Unconventional : Anticipated
Year Sources Sources Domestic Supply
(Tcf) (Tcf) : (Tcf)
1980 VA 17
1985 13 1 | 14
1990 1 - 2 . 13

2000 8 3 | 1

At this level of production from conventional and unconventional
sources, domestic natural gas supply will be 6 to 8 Tcf below recent usage
in 1985 and as much as 10 Tcf short in 1990. It is clear that additional
action will need to be taken to avoid a serious natural gas shortfall.

* The supply from conventional sources already includes
some unconventional resource gas, calculated at 1 Tcf
in 1977. The gas. from unconventional sources estimated
by this study .is in addition to the ‘amounts already .

. proved and being produced from unconvent1ona1 sources.

** 1 ess than 0 5 Tcf.
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Exhibit 1-3

Total Domestic Gas Supply — Conventional and Unconventlonal
Sources (at Gas Prices of $1.75/Mcf and Current Technology)

25

NATURAL _
GAS USACE
1970-1975

20

15
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_ UNCONVENT IONAL
10 _§ PRODUCTION FROM PROVED, Y ) SOURCES™
INFERRED, <’ AND UNDISCOVERED
RESERVES3/
5 !
0 —— v
1970 19fs 1980 198 " 19do 1dss 2doo
“_ ACTUAL—H"* PROJECTED H

BASED ON AGA/API/CPA, RESERVES OF CRUDE DIL, NATURAL GAS LIQUIDS

AND NATURAL GAS IN THE UNITED STATES AND CANADA, DECEMBER 31, 1970

THROUGH 1976.

BASED ON THE LEWIN AND ASSOCIATES, INC. STUDY, ANALYSIS OF THE

 TIMING AND TOTAL OF INFERRED RESERVES OF NATURAL GAS IN THE -

CONTIGUDOUS UNITED STATES, BY J. BRASHEAR AND F. MORRA, REPORTED
IN VOLUME II1 OF THIS REPORT.
BASED ON ONSHORE (LOWER 48) DISCOVERIES OF 1.0 TCF/YEAR AND OFFSHORE
(LOWER 48) DISCOVERIES OF 0.5 TCF/YEAR, GROWING TO 3.9 AND 1.9 RES-
PECTIVELY THROUGH DEVELOPMENTAL DRILLING.

FROM THE 1978 STUDY OF W
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D. Substitute Sources of Energy

Convers1on to other fue] sources, such as 1mported'orl nuc]ear,
and coa], can beg1n to substitute for a _portion of thls unmév gas demand,".
but this will be s1ow, cost]y, and may enta11 env1ronmenta1 andiba]ance of

payment risks.* Seek1ng additional supp11es of domest1c‘na_'ra1 gas, where
economical, is by far“the most cost- effective near term a]t nat1ve

?'

E. Stimu]ating'DoheS%ic Gas Product%on “Wk\; ;

Five maJor opt1ons must be assessed by pub]lc p _émakers for

1ncreas1ng gas supp1y,

5“ 3_T;'TSt1mu1atJngfadditiona1 gas recovery from unconvén: a1 sources.

Acce1erat1n§ the recovery of natural gas from unébn ntional
~ - sources appears to be a v1ab1e and econom1c targe or off-
';7sett1ng a s1gn1f1cant port1on of the 11ke1y shortfal] Exhibits
:"1-4 and 1-5 show the contribution of unconventional sources of
o *:natural gas under advanced technology (the Advanced Case)** at
© " prices of $1.75 and $3.00 per Mcf.

2. Improving the economic incentives for natural gas'prbduction
'~ Increased! gas pr1ces may have on]y 11m1ted effect unless they
- are h1gh enough to bring on’ 2 new threshold of reSo ]

* Tt would requ1re cons1derab1e time and cost to replace the: =~
existing infrastructure of natural gas p1pe11nes,x1ndustr1a1;
equipment, and ‘gas<powered home app11ances Costs:to con- -
sumers could bé nearly three times higher for e]ectr1c1ty,
than for an equ1va]ent amount -of energy from natural gas.:
The level of air pollutants and wastes could.be three to
thirty times as h1gh for these other energy sources as
for natural gas. .

** The Advanced Case for unconvent1ona1 sources 1nc1udes the‘ ;f
Base Case as well as additional stimulation by acce]erated 5
public research 1n enhanced gas recovery. g
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Exhibit 1-4 Exhibit 1-5

The Potential of ‘-:“m""ec'“i"“:" s°"f":' 7‘;;';‘*; Advanced The Potential of Unconventional Sources Under Advanced
Technology at Gas Prices of $1.75/Mc Technology at Gas Prices of $3.00/Mcf
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UNITED STATES AND CANADA AS OF DECEMBER 31, 1976, BY AGA/API/CPA.
BASED ON A RECENT LEWIN AND ASSOCIATES, INC. STWOY,
THE TIMING AND TOTAL OF INFERRED RESERVES OF NATURAL GAS IN THE
CONTIGUOUS UNITED STATES, BY J. BRASHEAR AND F. MORRA,
2/ BASED DN ONSHORE (LOWER 48) DISCOVERIES OF 1.0 TCF/YEAR AND
OFFSHORE (LOWER 48) DISCOVERIES OF 0.8 TCF/YEAR, GROWING TO
3.9 AND 1.9 TCF RESPECTIVELY THROUGH DEVELOPMENTAL DRILLING.
&7 CONVENTIONAL SOURCE GAS 1S ESTIMATED AT $1.75 PER MCF,
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3. Increasing the pace of offshore leasing. Even as gas is
- discovered in these areas, it will be costly to produce
and its recovery is likely to be delayed many years while
platforms and pipelines are constructed. '

4. Obtaining'gaE supplies from outside the contiguous states.
This is a costly, though possibly an inevitable option.
. Imports of natufal;gas from Canada and Mexico are being
negotiated on a BTY equivalency with imported fuel oi!,
'$2.50 to $3.00 per Mcf. Imported LNG from Algeria is
- being considered at $4. 50 per Mcf. Gas from A]aska is
- estimated at $3.50 to $5 50 per Mcf, del1vered.

5. Developing technologIes for manufactur1ng synthet1c gas.
| Gasification of coal or heavy crudes will requ:re substan-
tial capital investment and prlces of $4.50 per Mcf or more.

" F. ’Summanz | -

For an equ1va1ent amount of energy between now and 1990 the
unconventional gas sources under’ advanced techno]ogy and at -gas pr1ces up
to $3.00 per Mcf prov1de as low or lower cost to the public than any sub-
. st1tute energy source.

However, even with these additions to\SUpply,'the projections above
show that gas supply remains below 1977"dsage'1evels fhus, it wiil'be
essential to consider a mix. of gas supply programs,- such as LNG, coal gasi-
fication, electricity, and. .gas Imports to f111 “the gap and prov1de the
nation with adequate energy supplies. :
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IV. GAS FROM UNCONVENTIONAL SOURCES -- A DETAILED VIEN

‘A. ackground

The term "enhanced recovery from-unconventional gas resources"
may conjure visions of mass1ve, unproved new techno]og1es applied to a
speculat1ve unknown resource In rea11ty th1s 1s not so.

The production technology required to recover the gas has been
formulated and in several cases has been subjected to pract1ca1 test.* -
Although additional development is required, the pr1mary techno]og1ca1 need
"is for judicious demonstration and custom application of the best of the
new gas recovery technioues to specific field settings. ' The resource base
provides the major uncertainty.. While substantial gas resources are known
to exist, their deta11ed character1st1cs, part1cu1ar1y those which would
encourage}deveIOpment are inadequately def1ned

* The better portions of the "unconventional sources" of gas
have been:under active exploitation or study for many years:
e Almost 3 Tcf of gas have been produced from the

Devonian shales since the turn of the century,
with another 1T Tcf in proved reserves yet to be-
produced.

e Drilling in the more favorable portions of the
Tow permeability tight gas basins has been under-
way for over 30 years and has yielded over 10 Tcf.

e .Methane emissions from coal seams -- an historic
hazard to coal mining -- have averaged about 0.1
Tcf -per year, although none is currently captured
for commercial markets.

e Finally, even the geopressured aqu1fers, ‘the least
defined of the unconventional natural:.gas sources, -
have been placed under testing during the past year.




B. Assessmeht of the Potentia]

e Under the BaseVCaSe;'unconventional sources would-pro=
duce from 2 to ovecf3 Tef in 1990.

e With the stimulation of a highly focused, vigorous:
and collaborative Federa1/1ndustry program of research
r‘“‘and development, gas from unconventionaT sources cou]d
“provide 6 to 8 ch by 1990 B '

‘e U1t1mate1y, these sources cou]d add 70 to over 100 ch

" Pito total recovery without a federally sponsored program --
and 150 to 220 Tcf with'such a program at’gas prices*
between $1.75 and $3.00 per Mcf.** Thus, production from
unconventional sources under advanced technology could
provide a much needed additional source of natural gas

supply.

C. Contribution of the Various Unconventional Sources

The projection of new gas supplies from unconventional sources
represents an aggregation from numerous sources, ranging from some near-
conventional formations in the tight gas basins to the unexplored potential
of geopressured aquifers. Four broad targets were examined:

* The term "price", used in the paper, serves to summarize any
combination of economic incentives such as market price, tax
provisions, public subsidies, etc. that can be expressed in

- "price to the pub11c" equ1va1ent terms.

~** Price is stated in 1977 dollars and assumed maintained in
.constant dollars through the period of analysis. For example,
a $1.75 price under 6 percent inflation would need to be $2.75
as expressed in 1985 dollars; a $3.00 price under the same
cond1t1ons would become $4.80 in 1985 dollars.
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o Tight Gas Basins

e Devonian Shale

® Methane from Coal Seams

e Methane from Geopressured Aquifers

Exhibit 1-6 shows the contribution of these unconventional sources

to domestic gas supply, at $3.00 per Mcf under Base Case and Advanced Case
technology, in terms of additions to ultimate recovery.

The following sections summarize the background and potent1a1 for
each of these four unconventional gas resources.



~ Additions to Ultimate Recovery (Tcf)

 Exhibit 16

Ultlmate Recovery at $3 00/ Mcf by Unconvenhonal Target
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V. TIGHT GAS BASINS

A. Background

Substant1a1 quant1t1es of natura] gas exist in t1ght (low permea-
bility) formations, but the natura1 gas fiow in these format1ons is too low
to support economic recovery under conventional technology. The rapid decline
of conventional gas production, higher gas prices, and the advent of new reco-
very technologies have combined to attract interest in the potentiaikof these
tight gas resources. '

Initial -interest was generated by the operators who drilled into
the tight gas sands in the Rocky Mountain basins. Underground nuc]éar explo-
sions were employed to rubbelize these formations to enable the gas.to flow ?
at commercial rates. Three nuclear experiments were performed in tﬁe late
1960's and early 1970's. The results showed that nuclear stimulation was
ineffective and impractical; thus, the technique has been eSsentialﬂy dis-
carded. ‘ ‘

The second cycle of interest began in 1972 when the Federal Power
Commission convened task forces of experts to study thé statusAand future
potential of domestic gas supply. The task force on technology ideﬁtified
massive- hydrau11c fracture (MHF) as a potent1a1 st1mu1at}on techn1que for
developing these Tow permeability reservoirs. :

The contribution of the task force was to suggest that hydraulic
fracturing be applied with volumes of treatment an order of magnitude (or
more) larger than was conventional to stimulate production from low permea-
bility basins.



_ The task force estimates of the potent1a1 from three such basins --
the P1ceance, ‘the Greater Green R1ver, and the U1nta (referred to as the
Western T1ght Gas Basins) -- suggested a total gas in. p]ace of nearly 600
ch and a recovery of- 180 to. 300 Tcf (between 30 ‘and 50 percent of the
gas in place), under ‘the assumpt1on of successful MHF technology and adequate
prices. o

" As a consequence'of'the FPC study, a jointfgovernment-industry test
of ‘MHF was conducted 1n the Piceance ‘Basin-in 1974. Sincejthat time, a series
of 1ndustry and Jo1nt government -industry tests have been conducted. The tech-
no1ogy has advanced enough that 1t has become standard practice in fields with
Tow permeab111ty in conjunction with other, more favorab]e geologic conditions.
The most notable of these are the Wattenberg Field (north of Denver), several
fields in the Sonora Basin in southwest Texas, and the Cotton Valley Trend in
east Texas and northern LouiSiana. i

The Western Tighthas“BaSins thatAorigina11y attracted the atten- -
tion and large port1ons of -the other domest1c tight gas- bas1ns rema1n unproved
The challenges posed by the difficult’ geo]og1ca1 sett1ng -- the ‘tight, 1ent1cu1ar,
Tow quality gas pays -- have yet to be overcome Further, even ‘in the more geo-
logically favorable bas1ns -- in the 1ess t1ght blanket depos1ts -- fundamenta]
issues of recovery technology, such as fracture contro], rema1n Finally, -
major opportunities ex1st in these basins for opt1m1z1ng ‘the recovery tech-v
- nology and acce]erat1ng the recovery of much needed domest1c_gas;supp11es

/

B. The ResOurce Base

, The resource base cons1sts of twenty bas1ns 1dent1f1ed .as having
permeab111t1es too low to perm1t econom1c recovery by ex1st1ng,}convent1ona1
technology ~0f these, th1rteen were included in the present ana]ysis (Exhibit
1-7). Data available to the study on the rema1n1ng seven basins were inade-
quate to support deta11ed analysis. o ! o



SOURCE

Location of Major Tight Gas Basins

U.S. ERDA, WESTERN GAS SANDS,

PROJECT PLAN, 8/1/77

Exhibit 1-7

LOw-PérmeabiIity Basins

ERDA'S PRIMARY STURY AREAS - GEQLOGICAL AREA

A. GREATER GREEN RIVER BASIN  TERTIARY AND CRETACEOUS
8. PICEANCE BASIN TERTIARY AND CRETACEOUS
C. UINTA BASIN TERTIARY AND CRETACEOUS
D. NORTHERN GREAT PLAINS CRETACEQUS |

m

-

4

N

PROVINCE
WILLISTON BASIN

T -p

BIG HORN BASIN
COTTON VALLEY TREND
DENVER BASIN

. DOUGLAS CREEK ARCH

OUACHITA MOUNTAINS
PROVINCE )

SAN JUAN BASIN
SONORA BASIN
WIND RIVER BASIN

CRETACEQUS

TERTIARY AND CRETACEQUS
JURRASSIC

CRETACEQUS -

CRETACEDUS
MISSISSIPPIAN

CRETACEOUS
PENNSYLVANIAN
TERTIARY AND CRETACEOUS

OTHER LOW-PERMEABILITY AREAS NOT INCLUDED IN STUDY

ANADARKD BASIN
ARKOMA BASIN

FORTH WORTH BASIN

. RATON BASIN

SNAKE RIVER DOWNWARP
WASATCH PLATEAU

.- WESTERN GULF BASIN

PENNSYLVANIAN
PENNSYLVANIAN
PENNSYLVANIAN

TERTIARY AND CRETACEOU3
TERTIARY AND CRETACEOUS
CRETACEOUS

- TERTIARY AND CRETACEOUS

8l-1
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 These th1rteen bas1ns were grouped into f1ve classes of bas1ns
(referred to as resource “targets") based on common geo]og1c character1st1cs

1. MWestern Tight Gas Basins. The three basins (Greater.Green
River, Piceance, and Uinta) that originally attracted the
attention of the FPC task force are deep,'10wupermeability,
and lenticular. ‘ |

2. Shallow Gas Deposits. The shallow, Tow production formations

~ of the Northern Great Pleins‘PrOVihce, which includes a large
portion of the Williston Basin, vary in permeability from near
conventional to very tight, but are generally blanket-type
depos1t10ns

3. Other Tighf; Lenticular Gas Sands. Although probably having
as low permeabii{ty‘as the Western‘Tight Basihs,fthese basins
(Sonora, Douglas Creek Arch, and the Big Horn) ‘are shallower
and contain 1arger lenses.

4. Tight, Blanket Gas Sands. 'These basins (Denver, San
~Juan, Wind River, Cotton Va]]ey, and the Ouach1ta Mountain
Prov1nce), a]though deep and hav1ng low permeab111ty, are
favored by h1gh1y cont1nuous, blanket- -type gas formations.

5. Other Low Permeab111ty Reserv01rs This category, currently
conta1n1ng on]y the Bruckner-Smackover format1on of the
Cotton Valley Trend, consists of gas reservoirs with per-
meabilities between 0.5 and 1.0 millidarcies.
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The specific farget reservoirs within these basins that were
included in the present analysis are shown in Exhibit 1:8. These basins
cover a total of more than forty thousand square miles, containing over
400 Tcf of gas in place* (Exhibit 1-9). The portion of this gas that is
recoverable depends on the interaction of geo]ogy;;féservoir characteris-
tics, recovery tééhno]ogy, and economics. | | V

. The reservoir characteristics of the formations included in the
analysis are displayed on Exhibit 1-10. The'réﬁges on the pérameters arise
from differences among sub-basin areal units of-the_specifit,formations.

In general: '

e The in situ gas permeabilities of the major formations .
rarely exceed 100 microdarcies.** Qutside of the shallow
basihs, the few higher permeabi]itiés are found only in
the relatively small, most favorable geographic areas.

e Much of the area where the net pay is greatest is also
highly discontinuous, or lenticular.

e A1l the basins are marked by low gas-filled porosities
(high water saturation with low total porosities).

Such reservoirs pose substantial technological prob]ems for economic
MHF technology. Two cases were defined to represent the level of technology
that could be applied in these basins:

* Geologic study subsequent to the groundbreaking FTC study
has reduced the size of the resource base in the Western
Tight Gas Basins. ‘

** Conventional gas reservoirs would have in situ gas permea-
bilities an order of magnitude higher.
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Exhibit1-8 - |
. Composition of Tight Gas Targets

WESTERN TIGHTS = /0 T 13, OTHER TIGHT LENTICULAR
a. Green River--~= - e ~a. Big Horn
1. Ft. Union ‘ . 1. Mesaverde .
2. Almond A S .
3. Almond. B . b. Douglas Creek
4. Erickson _ -
5. Rock Springs/Blair . 1. . Mancos
6. Other Mesaverde : 2. Dakota
b. Piceance o c. Sonora

1. Ft. Union ) 1. Canyon

2. Corcoran:Cozette : R

3. Other Mesaverde v
e 4. TIGHT BLANKET

c.- Uinta .
- ‘ a. Cotton Valley "Sweet"
1. MWasatch
2. Barren , 1. . Cotton Valley Sand Trend:
3. Coaly . 2. Gilmer Lime -~
4, Castlegate : ‘
i b. Denver
SHALLOW GAS -~ - ' ‘ 1. Sussex
_ Do : 2. Niobrara
a. Northern Great Plains o 3. Dakota’
1. -Judith River c¢. Ouachita
2. Eagle - ; L
3. Carlisle . ) 1. - Stanley
4 < ,

Greenhorn/Frontier
cf ) d. San Juan

b. Williston. . .

e 1. Dakota

1.~ Judith River Ty ,

2. Eagle. .. , e. Wind River

3.  Greenhorn . i i8

) ' 1. Frontier

2. Muddy .

5. OTHER LOW PERMEABILITY

"a. Cotton Valley "Sour"

1. Bruékner/Sﬁéékdver
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Exhibit 1-9

Areal Extent and Gas in Place — Tight Gas Basins

TARGET/BASIN

WESTERN TIGHT
Green River
Piceance
Uinta

SUBTOTAL

SHALLOW GAS
Northern Great Plains
Williston

SUBTOTAL
OTHER TIGHT, LENTICULAR

|

Big Horn
Douglas Creek
Sonora

SUBTOTAL

TIGHT, BLANKET GAS
Cotton Valley (Sweet)
Denver

Quachita

San Juan

Wind River

SUBTOTAL

OTHER LOW-PERMEABILITY
Cotton Valley (Sour)

TOTAL

ANALYTIC ~ TOTAL ANTICIPATED  EXPECTED GAS IN

UNITS AREA (Mi%) PLACE (Tcf)*
216 870 91
75 855 36
128 9% 50
419 2,720 176
68 17,560 53
40 6,520 21
108 24,080 74
5 761 24
10 369 3
10 1,960 24
25 3,090 51
20 5,127 53
15 2,591 19
15 13 5
5 830 15
10 465 3
65 9,126 94
1,211 14
622 40,227 409

* Totals may not add due to rounding




TARGET/BASIN
WESTERN TIGHT GAS SANDS

1. Greater Green River

2. Piceance

3. Uinta

SHALLOW GAS BASINS

1. Northern Great Plains
and Williston

OTHER TIGHT LENTICULAR
GAS_SANDS

1.. Big Horn
2. Douglas Creek Arch

3. Sonora-

TIGHT BLANKET
GAS FORMATIONS

1. Cotton Valley "“Sweet"

2. Denver
Ouachita
4. San Juan

5. Wind River

OTHER LOW PERMEABILITY

GAS FORMATIONS

1. Cotton Valley “Sour®
3

1

AREAL

UNITS .

36

25 -

32

27

5

Reservoir Characteristics of Tight Gas Formations

FORMATION

Ft. Union
Almond A
Almond B
Erickson

Rock: Springs/Blair :

Other Mesaverqe

Ft. Union
Corcoran-Cozette

- Other Mesaverde

Wasatch:
Barren
Coaly
Castlegate

Judith River -
Eagle

Carlisle :
Greenhorn/Frontier

Mesaverde

Mancos
Dakota

Canyon -

Cotton Valley Sand

Gilmer Lime

“Niobrara

Sussex
Dakota

Stanley E
Dakota
Frontier

. Muddy

Bruckner-Smackover

DEPTH
(ft)

5700-2000
8000-10,700
8000-10,700
: 8400-11,400

9700-12,500 -
9000-12,700

<5000

‘6000

..6900-9100

6500

7500

8500
9500

© 600-1600
1800-2000
1500 -
2000-2600

- 2285
© 2845-4045
‘7545

6000-7000 -

" 9000 .
11,000

2300
. 4460

8000
. 4600-9000

C7180

VAN
1641
25281/

12,000

1/ Data as reported -- considerable portions of these formations
are much deeper, e.g., 4000-6000 feet

2/ Canyon lenses are very large relative to the drainage area and
substantially broade:' Lhan the other lenticular formations

500

Exhibit 1-10

GROSS
INTERVAL
)

500-2680
400-500

400-500
350-400 .
1500-2500
2150-5000

600
50 -
800-2200
v

500
500
250

30-50
30-60
30-50
30-50

645
2400
72
600

ne
350

67
50
50

6000-7200
173

153
100

900

o IN SITU. ~ GAS- -
: GAS - FILLED RESERVOIR
NET PAY NATURE OF PAY PERM, POROSITY PRESSURE
{ft.) ‘ (pd) (9] SR C3
21-625 Lenticular - 150 3.4-5.0 ' 3150-6334
9-20 Blanket 9-50 . 4.1-4.5 4200-6200
18-45 Lenticular 9-50 4.5-5.4 4200-6200
35-68 Lenticular 7-20 4.1-5.4 4400-6500
19-80 Lenticular 7-8 4.1-5.4 5000-7200
28-164 ~ Lenticular 1-9 3.4-4.5 5850-8250
18-44 Lenticular 3227 ¢ 4.0-5.2 2100
10-38 Blanket 8:75 4.2-6.1 2600
40-275 Lenticular 3-60 3.6-5.4 ~3000-3400
43-156 Lenticular.. 66-600  4.4-5.8.  .°2795
43-156° - Lentfcular 30-270:  3.8-5.0 3225
43-156 ~ Lenticular 16-90 - 3.2-4.2 3655
25-75 Blanket 330 2.6-3.4 4275
8-20 Blanket 17-1000  5.2-13.7 270-680
3-25 Blanket 17-10,000 7.4-12.2 -~ 800-900
4-10 ° Blanket * 10-900 5.4-7.1 670
3-29 Blanket 17-2700.  5.4-7.8 900-1130
110-275 Lenticular - 13-120 6.6-8.7.. 1100
120-300 Lenticular 7-60 4.8-7.5° a4y
4.9 Lenticular 10-90 3.6-4.7 1100
30-103 Lenticutard/ 8-84 4.4-6.3 2100-2700
35-88 Blanket 3:30 4.0-5.3 6000
20-50 Blanket 3-30 5.6-7.4 5400
11-28 Blanket 3-30 2.6-3.5 950
11226 Blanket 3-30 3.6-4.7 1500
14-34 Blanket 5-50 4.0-5.3 - 2900
186-465 Blanket 1-5 3.7-5.1 1700-2200
35-88 Blanket. 10-90" . 5.8-7.6 3090
20-50 Blanket 33-300 6.5-8.5 550
10-25 Blanket 1.9 8.8-11.6 1000
18-44 Blanket 44-400 8.0-10.5 5600

RESERVOIR

TEMPERATURE
B

" 135-104 -

180-215
180-215
186-231

. 206-248

194-220

135
145
160-170

175

195
214 -
233

80-85
90-100
85

100

95

120
240

145

250
280

110
185
260

148-160
222

99
109 -

290

€2-1
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e Base Case. The level of thé‘techno]ogy expected to*
be attained by industry during the next five years
without active federal involvement.

e Advanced Case. The level'of‘the'téchnOTOQy expected
to be attained by virtue of active federal-industry

collaboration.

+ Each of these cases was analyzed using a reservoir simulator and
an economic model to determine the amount of the resource that would be
economic at current and advanced technology. Three gas prices, $1.75, $3.00,
and $4.50 per Mcf, were analyzed to examine the economic sensitivity of these
estimates. ' ‘

C. Estimates of the Potential for Economic Recovery

1. Overall Potential

Under current and near-term (BaSe Case) technology, industry will
produce substantial quantities of natural gas from the tight basins (Exhibit
1-11): '

e At $1.75 per Mcf, nearly 70 Tcf will ultimately
be recovered.

e Raising the gas price to $3.00 per Mcf increases
Base Case ultimate recovery by 30 Tcf, to about
100 Tcf; raising price further adds little addi-
tional recovery.
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Improvements in the techno1ogy (the Advanced Case) increases :
ultimate recovery by about 80 ch over the corresponding Base Case

e At $1 75 per Mcf, the total Advanced. Case is about -
150 ch ’

e At $3 00, the tota] u1t1mate recovery exceeds 180
ch ra1s1ng price to $4 50 per Mcf adds only 6 Tcf.

In add1t1on to increasing u1t1mate recovery, technolog1ca1
advances also 1ncrease the annual rate of product1on (Exh1b1t 1- 12)

o At $1 75 per Mcf, the 1990 Advanced Case product1on
rate 1s 6. 3 Tcf, compared to 2 2 ch under Base Case
_techno]ogy. :

'oQ_Atl$3100;per:Mcf;~theiAdvanced Casefrecoveryainf1990
is 7.7 Tcf, compared with 3.2 Tcf in the Base Case;
higher prices beyond $3 00 per Mcf add little to the
1990 product1on rate.

y

2. Potentia] by Target

The major portion of the Base Case production will be recovered
»from the T1ght Blanket sands and the Sha11ow Gas Basins (Exh1b1t 1- 13)

“’”“ "o The T1ght B]anket sands will produce from 30 to 50
ch and the Shallow. Ba51ns over 20 ch at gas prices
~of $1.75 to $3.00 per Mcf

o o The Other Tight, Lent1cu1ar Bas1ns and Other Low- .
o Permeab111ty format1ons will prov1de from 12 to
Tij!w near]y 20 Tcf at” gas. pr1ces of $1 75 to $3 00 per Mcf




Addition to Annual Production (Tcf)

o R N w
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Exhibit 1-11

Ultimate Recovery (at Three Prices) From Tight Gas Basins

200
180 ’181.‘5 187.7
160 149.3
E 140
§ 120 , 107.5
E 100 ‘°§’//3 é
g 80 69.7 % /
§ o 21 v
> -
% Z
20 é /
0 LBASE Z/ADVANCED] | BASE//AMM;EQ] J/{
$1.75/McF $3.00/MCF $4.50/MCF

Exhibit 1-12

Production from the Tight Basins to the Year 2000 (at $1.75 and $3.00/Mcf)

$3.00 ADVANCED

$1.75 ADVANCED

$3.00 QAff

'$1.75 BASE

_.., .

1980 1985 - 1990 1995

2000



Advances’in resource characterization and improvements-ih tech-
no1ogy -- the Advanced Case -- improve ultimate recovery in all five tight
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‘Only a small portion of the vast resource in place in

the Western Tight Basins is recoverable under Base Case
technology.

gas targets (Exhibit 1-14):

At $1.75 per Mcf, app1ication of Advanced Technology
increases ultimate recovery for the Western Tight
Basins almost ninefold, to 38 Tcf. At $3.00, the .
ultimate recovery is 50 Tcf for these basins.

At-$3.00 per Mcf, the Shallow Basins will ultimately

recover half again more gain, although the gain is
- small at lower gas prices. ‘

Ultimate recovery from the Tight, Blanket formations

‘nearly doubles under Advanced Case technology, to
‘almost 60 Tcf, at $1.75 per Mcf. At $3.00 per Mcf,

increased gas prices have shifted much of the target .
to the Base Case, with recovery of 50 Tcf. Even here,

k however, -advanced techno]ogy provides opportunities
“for 1mprov1ng recovery eff1c1ency, add1ng 15 Tcf over
the Base Case u1t1mate recovery.

E e
The other two resource targets also show substantial

1ncreases (depending on gas pr1ce) as advanced tech-
nology is app11ed




Ultimate Recovery (Tct)

Ultimate Recovery (Tcf)

SO

a0t

30F

20

104
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Exhibit 1-13

Base Case Ultimate Recovery — By Tight Gas Resource Target |

9.1

4.7 J
S\

N
[
>

NN
\

)

. 50.6

e & LY

-
»
N

7

7.9

\

N

4.6 4.6

603

504

ang

304

204

L $1.75 $3,00

WESTERN TIGHT

SHALLOW

L 31,75 $3.00

NN

b
$1.75 $3.00 {$1.75 s3.°5 § |S1.73
GTHER TIGHT, - TIGHT BLANKET ~ OTHER _aw
LENTICULAR PERMEABILITY
Exhibit 1-14

Ultimate Recovery — By Tight Gas Resource Target

49.9

33.0

S\

32.4

)k
7

65.8

23.4 23.7

)
7

N \

5.5

NN

a0

WESTERN TIGHT

La1,75 33,001
SHALLOW

75 $3.00 131.75 $3.00 |

L31.75 $3.00 |

OTHER TIGHT, TIGHT BLANKET.
LENTICILA®

OTHER LOW
PERMEABILITY
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The accelerating effects of the Advanced Case (Exhibits 1-15

. and 1-16) are most marked in the Western T1ght Gas Basins and the T1ght,
. Blanket Sands: : .

& The Advanced Case increases 1990 annual production
“from the Western T1ght Gas Basins to 2.7 ch from
“the 0.4 Tcf in the Base Case. '

e In the T1ght B]anket Sands, 1990 product1on increases
from the Base Case 1.6 -Tef to 2 8 Tcf . through appli-
cat1on of Advanced Case techno]ogy

v The -economic potent1a1 of the T1ght Gas Bas1ns even under curfent
and near-term technology is substant1a1 Accelerated .collaborat1ve.govern-
ment-1ndustry research and development could double the base?potentia] At
' 180 Tcf, the size of this potent1a1 approaches the current proved reserves
of the "lower 48" states.



Annual Production Rate (Tcf)

Annual Production Rate (Tcf)
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Exhibit 1-15

Base Case Estimates of Annual Production From the Tight Basins to the
Year 2000 at $3.00/Mcf

¢  OTHER LOW-PERMEABILITY
RESERVOLRS

OTHER TIGHT,

LENTICULAR SANDS TIGHT, BLANKET

GAS FORMATIONS

SHALL OW GAS BASINS
WESTERN TIGHT GAS SANDS

e —————

1977 1980 1985 1990 1995 2

Exhibit 1-16

Advanced Case Estimates of Annual Production from the Tight
Basins to the Year 2000 at $3.00/Mcf

OTHER LOW-PERMEABILITY

RESERVOIRS

OTHER TIGHT
LENTICULAR SANDS

TIGHT BLANKET
GAS FORMATIONS

HP OO g

WESTERN TIGHT GAS SANDS

1977 1980 1985 1990 1998 2000

W
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VI. DEVONIAN SHALE GAS OF THE APPALACHIAN BASIN

A. Background

The gas industry,'especia1ly small independent drillers, have
Tong been aware of the gas potential in shales Tocated in eastern Kentucky,
southwest West Virginia, and Ohio. Historically, only in»eaStern Kentucky,
which lacks the highek quality sands‘and silt beds found in other parts of
Appalachia, have the Devonian shales been a primary exploratory and develop-
ment target. With the decline in gas production and the devasting impact
of gas curtailments on the Ohio and Appa]ach1an areas, this now has begun
to change. Much of the impetust+is due to the joint Federa1/1ndustry research
and development program that is seeking means for increasing recovery of this
gas.

The Devonian shale resource target examined by the study consists
of undrilled probable andkpbssible areas in the'Appalaéhian Basin Of the
basin's 210 square miles, 100,000 square miles were judged to be ‘barren of
producible shale (designated as Areas A, B, C and D of Exhibit 1-17);
48,000 square miles were Judged as specu]at1ve (shown as the shaded area
between the Blue Ridge Front and the A]legheny Front in the Exhibit); 5,000
square miles have already been drilled or found non-productive (shown below
in Exhibit 1-18) -- leaving 57,000 square miles of shale deposit as the
study area. Within this area, fhe,resource target is the free gas in
place in the natural fractures and that‘Can be placed in contact with the
wellbore (using current as well as’ 1mproved dr1111ng and comp]etion prac-
tices). ‘ ‘



Exhibit 1-17

Geological Distribution of the Devonian Shales of the Appalachian Basin. |

CINCINNATI ARCH

AREA D

ALLEGHENY
FRONT

AREA A

SOURCE: deWitt, Wallace, and Perry,
USGS, Map I-917B

BLUE RIDGE

.FRONT

ee-1
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Historically, West Virginia and Kentuchy'have provided the bulk
of the Devonian shale gas production. Based on AGA and API data gathered
~in 1976, 3.9 ch of gas have already been produced or are currently hooked
in proved reserves from the Devon1an shales, as fo11ows

" Produced Proved 1976 Estimate of

" state - to Date. Reserves Ultimate Recovery
_ ‘ e o (Tef) - (Tef) ) (Tcf)
West V1rg1n1a o . 0 "m, 0.6 1.6
Kentucky S 7',f1f],7_ S 0.5 2.2

TOTAL 27 1 3.9
* Less than 0.05 Tcf

~In 1976 these three states together produced an est1mated 0 1 Tcf
of natura] gas from the Devon1an shales. : 8 . :

B. Trends in Deve1opment Dr1111ng

. As of December, 1974 there were about 9 500 known Devon1an shale
wells in Kentucky, West V1rg1n1a, and 0h1o E1ght thousand of these wells -
‘exist in and around the B1g Sandy, Ash]and -and Cottagev111e Fields. Exh1b1t
1-18 shows the dr1111ng densxty. Each square of the gr1d represents four
square miles (a 2 mile by 2 m11e area) and the number 1ns1de each square

‘ indicates the number of produc1ng shale wells. In the better port1ons of
.the fields, the average number of we1ls is 17- per 4 square m11es, or 150 acre
‘x‘spac1ng The overa11 average 1s about 295 acre spacing per we11 for the :

3, 700 square miles: developed to date. T
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Exhibit 1-18
Devonian Shale Wells as of December, 1974 PZ hﬁ
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" While the detailed well drilling data has not been compiled, it
appears that about 200 new shale wells are being drilled per year in these
three states. At an average of 150 acre spacing and an ultimate recovery
of 300 MMcf per well, about 50 square miles are being developed and about
60 Bcf of new reserves are be1ng added per year :

With year]y product1on from the proved reserves of 100 .Bcf, the
new additions of 60 Bcf in the recent years are not keep1ng pace; the total
reserve is dec11n1ng

As the primary producing area becomes depleted -- about two-thirds
~of the land in the four counties comprising the center of the Big Sandy Field
~appears fully developed -- new production will need to come from:

e Extension drilling toward the‘borders4of the
- currently developed area.
L Stepout'and exp]oratory drilling into new’areas.(

/

e Improved recovery efficiencies.

C. The Resource Base

The lack of a body of data on reservoir characteristics of the

" shale (e.qg., permeab111ty, poros1ty, water saturation, Jo1nt and fracture
'system) has prevented thorough understanding of the actual ‘resource in place.
Because of the absence of such reservoir data, this study relied on empirical
production data to reconstruct the nature of the reservoir. Perfbrmance data
on 250 individual wells were collected from severa1 product1on companies to
form the data base for ana]yz1ng the resource.
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The Basin was divided into eleven producing regions based on
geolog1c and tectonic characteristics (Exh1b1t 1-19) and then .further
d1v1ded between drilled and undrilled areas (Exhibit 1- 20). Production
curves were established for each region from wells producing w1th1n that
region, thus avoiding indiscriminate use of data from one part of the
Basin to another. The decline curves were increased to represent addi-
tional gas from new stimulation technologies (namely hydraulic fractur1ng
of about 1000 barrels) based on field test results to date.

Each of the eleven regions was designated as either an area
““industry would continue to develop (Base Case) or an area that would
require government research and development as a prerequisite to exploita-
tion by industry (Advanced Case). Three R&D programs have been developed
to stimulate additional production from these regions:

e The first program in eastern West Virginia and Pennsylvania
is directed at extension drilling in the deep shale that
appears economic only at prices higher than $3.00 per Mcf.
(The benefits of this program are expressed as a range to
reflect present uncertainty about the extensiveness of the
natural fracture network and the obresence of producible
gas.)

-- Ultimate recovery due to this R&D program would
range from 0 to 7 Tcf at a gas price of $4.50
per Mcf.

-- The 1990 production rate would be below 0.1 Tcf.



Exhibit 1-19 - 0
Areal Extent of Study

‘(Shaded Areas — Big Sandy, Ashland and Cottagewlle Flelds)

SOURCE: USGS

LE-L



Analytic Area

I

II

I1I

IV

)

VI

VII

VIII

IX and X

XI
XIII
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Exhibit 1-20

Areal Extent of Analytic Units

Location |

Eastefn Kehidcky'

Eastern Kentucky Extension
S.W. West v1rg{n1aq‘

S.E. Extension

Central West Virginia

N.W. West Virginia

Central and Eastern Ohio
N.E. Ohio

N.W. West Virginia and
Pennsylvania _

Eastern West Virginia

N.E. Kentucky

TOTAL

Area in
Square Miles
Total Undrilled
2,164 1,050
2,089 1,609
1,77 1,098
871 | 848
1,811 1,690
2,067 2,032
15,575 15,261
3,093 2,955
17,776 17,776
12,332 12,332
2,634 -
62,183 56,651
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e The second program (in Ohio) depends on dual comple-
tions of wells in the shales, underlying sandstone,
and limestqne gas reservoirs, thus permitting the shales
to be produced at only the marginal costs of stimulation.

-- U]timate'recovery from this second program would
range from 3 to 6 Tcf, depending on gas price.

-- The 1990 production rate would be 0.2 Tcf.

° ~Thefthird program (in eastern Kentucky and western West
: Virginia) is-to improve recovery efficiency in the heart
of the currently deve10ped area through opt1m1z1ng sti-
.mulat1on, well spac1ng, and deve]opment practices.

'-- Increas1ng recovery eff1c1ency would add about
2 ch at gas pr1ces of $3 00 per Mcf.

- The 1990 production rate wou]d be about 0 1 ch

D. Ecohomic Potentia]

1. Base Case Estimates

The amount of gas product1on ‘and 1ts rate in the Base Case are
~highly sensitive to gas -price. :As: shown :in. Exhibits.1-21 and 1-22, addi-
tional recovery could range- from Tess than 2 Tcf at $1.75 per Mcf to over
10 Tcf at $4.50 per Mcf; the production rate in 1990 wou1d range from about
0.1 Tcf per year (at $1.75/Mcf) to 0.3 Tcf per year (at $4.50 per Mef).



Ultimate Recovery (Tcf)

Annual Production (Tcf)
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Exhibit 1-21

Devonian Shale Ultimate Recovery at 3 Prices — Base Case

10.5

[+ ]
.
o

0.9 -
0.8 -
0.7 1
0.6 -
0.5
0.4-
0.3

0.27
0.1-1

7.

i

L
$1.75/MCF ‘ 53.,00/MCF $4.50/MCF

Exhibit 1-22

Annual Production from the Devonian Shale to the Year 2000
at 3 Prices — Base Case

//////////////////7\/51 75

1980 1985 1990 1955 2000
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e Ultimate Recovery. In terms of ultimate recovery
(total production or reserve additions in 30 years'
well life):

-- About 2 Tcf will be economic at $1.75 per
Mcf.

- Increas1ng the price of gas to $3.00 per Mcf ’
wou]d ra1se the ‘estimate to 8 Tcf. f

-- At $4. 50 per Mcf estimated ultimate recovery -
wou]d r1se to 10 5 ch

éo ‘Product1on Rates
-- At $1.75 per Mcf the Base Case product1on rates
wou]d peak at 0. 1 ch in 1990 and dec]1ne thereafter

- H1gher pr1ces wou1d susta1n product1on over a. longer
per1od, prov1d1ng 0.3 Tcf per year in 1990 '

2. The Advanced Case Estimates

Exhibits 1-23 and ] 24 (The dlfference between the Advanced Case and the
Base Case estimates are the product1on benef1ts attr1butab1e to the R&D
program.) ° '



Additions to Annual Production Rate (Tcf)

Additions to Ultimate Recovery (Tcf)
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Exhibit 1-23

Devonian Shalé Ultimate Recovery at 3 Prices

1
125.3

]

'18.6 !
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L__BASE ~DVANCED | ADVANCED| BASE ADVANCED 4

$1.75/MCF $3.00/MCF $4.50/MCF

Exhibit 1-24

Annual ProdUction from the Devonian Shale to the
Year 2000 at $1.75 and $3.00/Mcf

T

$3.00
ADVANCED
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Ultimate Recovery. Under the Advanced Case assumptions,
~ultimate recovery at $1.75 rises to 4 Tcf from the Base
Case estimate of 2 Tcf. At‘higher prices, considerably more

recovery wOu]d'be forthcoming:

- At $3 00 per Mcf u1t1mate recovery rises to 16
ch (versus about 8 ch 1n the Base Case)

-~ At $4.50 per Mcf, u1t1mate recovery would range from
18 to 25 Tcf (the range reflects geological uncer-
tainties in the possible areas where 1little is known

~about the intensity of the natural fracture system).

Production Rate

',,<7¢ In 1990, annual production under the Advanced Case
and at $1.75 per Mcf is projected at about 0.2 Tcf.

- At $3.00, 1990 annual production is estimated at
0.6 Tef.

-~ At $4.50 per Mcf, the annual product1on rate cont1nues
to c11mb past 1990 reach1ng a range of 0. 7 Tef to 0 9

ch in 1995

/
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VII. METHANE FROM COAL SEAMS:. .

A. Background

v Since the inception of underground coal mining, release of methane
from coalbeds ("coal gas") has posed a hazard to mining safety. In response
to this hazard, the Federa]rgpvefnment has acted to require improved safety
measures and to gather information on methane emissions. However, this infor-
mation has been gathered from the perspective of safety, disposing of the
unwanted methane in mines, rather than from the perspective of supply --
capturing the methane for incréasing,domestic<gas supplies. Recovering
currently vented methane could provide an important augmentation to local
supplies of natural gas.

In addition to methane recovery in association with mining, addi-
tional potential sources of methane are in the deep, currently unminable coal
seams of the West. Such coal seams are considered too thin or too deep for
mining, but may contain methane resources that could be économically produced.

B. The Resource Base

1. Methane Recovery in Association With Mining

Methane, to varying extent, is contained in all coal accumulations
and is released from the coal as well as the cap and base rocks of the coal
seams as the mine face advances.

In Appalachia, coalbeds average 5 feet; at 200 cf of methane per
ton of coal, a 100 acre "reservoir" would contain but 130 MMcf. Production
of gas from such reservoirs without mining is uneconomic due to the considerable
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costs of surface equipment and gathering systems. At this time, the
principal targets for recover1ng methane from Appa]ach1an coalbeds must
be the active mlnes in wh1ch it has been establlshed that methane is
released in 51gn1f1cant quantltles

The economics of pursuing this activity will depend on benefits
derived from increasing the rate of mining and improving safety due to
diminution of gas in mines. In the near-term, because the supply will be
erratic, the captured gas could be used as a supp]ement for local industry
~and househo]d use. Beyond this, the gas supply could be converted to LNG
or used for power generatlon In the longer term it may be poss1b1e to
1ntroduce the methane d1rectly into a p1pel1ne or use it as a reg1onal 1ndustry
feedstock, such as for ammon1a or methano] production.

The recovery of methane in assoc1at1on with m1n1ng would concentrate
on the h1gh-em1551on m1nes of the- Appalach1an Reg1on that account for nearly
90% of total nat1onal methane emissions, as shown in Exh1b1t 1-25. The initial
target would be the 30 m1nes with the largest methane em1ssions _concentrated
“heavily in the P1ttsburgh Pocahontas No. 3, Pratt and K1ttann1ng coalbeds.
These alone account for over one-half of total em15310ns

2. Methane Recovery from Unm1nab1e Coal

The economics of methane recovery from the unmlnable coal in the
Hestern,Bas1ns will need to stand on their own, having no benefits accruing
from improved'mining“productivity or»safety.

~ Two types of unminable coal deposits have been identified as
targets for the methane recovery program.--' the thin coal. seams (averaging
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Exhibit 1-25

» Léqation Map of Counties With Bituminous Coal Mines
~ Emitting at Least 100,000 cfd of Methane in 1974

SOURCE: 1Irani, M.C., J.H. Jansky, P.W. Jeran, and G.L. Hassett, Methane
Emissions from U.S. Coal Mines in 1975, A Survey. U.S. Bureau
of Mines, IC 8133, 1977.
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15 inches) that contain 70 Tcf of adsorbed methane, and the deep bituminous
coal seams (between 3,000 to 6,000 feet) that contain 80 Tcf in place.*

‘Thin coalbeds could not be economically produced for their methane
content. Coalbeds of 15 inches contain only about 40 MMcf of methane in the
~presumed drainage area of a single well. -Assuming naturally highly fractured
conditions, a single well could: produce only about 12 MMcf in the first ten
years, clearly insufficient to provide an economic return under any reason-
able estimates of costs or prices. ’

- The deep, thicker unminable coal seams having higher methane content
offer a more favorable prospect. Assuming a favorab]e natura] fracture system,
a coal seam of about 20 feet thick could provide an econom1c payback at $3.00
per Mcf gas price. '

. The initial techho]ogical’challehge is‘tb'interséct‘tbe natural frac-
ture system (face cleats) that provide a high-conductivity path to the wellbore.
At this time, deviated wells, drilled 1,000 feet into the pay (and possibly

- 2,000 feet in the future), appear to provide assurance of 1ntersect1ng the
natural fracture system. (Conventional hydrau11ca1 fractures would tend to
paral]el rather.than intersect the existing fracture system thus 1mped1ng
r-opt1mum gas f]ow ) If means can be developed to use more. convent1ona] vert1ca1
wells, the minimum requ1red economic th1ckness wou]d be 1ess o

An_additional techno]og1ca1 challenge is to install ‘highly effi-
c1ent ‘recovery systems .that will: _(a) maintain a very low pressure at the
face of the coal:exposed to the fracture $¥5t?m:t° stimulate desorpticn;‘

* The deep, unminable sub-b1tum1nous coals, assuming a
methane content of 100 cf/ton, would contain 20 Tcf
in place.
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(b) ensure efficient water removal from the wellbore; and (c) pur1fy and
repressure the methane at low cost.

The recovery of methane from unminable coal wou]d concentrate on
the four western states of Colorado, New Mexico, Utah, and Wyoming, that
collectively account for over 90% of the deep (over 3,000 feet of overburden)
coal. Colorado, having by far the largest portion (about 70%) of the deep
bituminous coal, would be the major target.v Within Colorado, the San Juan,
Uinta,fand North Park Basins appear to offer sufficiently favorable charac-
teristics to justify initial resource evaluation.

~C. Estimate of Economic Potential

1. Methane Recovery Associated With Coal Mining

The initial target for recovering methane from coal seams is the
80 Bcf of methane emitted each year from work1ng coal mines, shown in Exhibit
1-26.

Because the Appalachian Basin coal seams are too thin and too lean
“in methane content to economically support methane recovery on its own, esti-
mates of recovery must be linked to the pace of current mining and the opening
of new mines. Thus, only limited leeway in making production rate and recovery
estimates is available.

Assuming a rigorous installation of facilities of methane emissions
recovery in "gassy" coal, and a high rate of new mine openings, the following
production benefits could accrue, at three natural gas prices:
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Exhibit 1-26

Methane ErhisSions from U.S. Bituminous Coal Mines

300MMcfd — (100Bcf/Yr.)

227 . OMmcFd ' o
~ (83Bcf/Yr.) 214.5Mncfd 216.3¥mcfd
(78Bcf/yr.) (79Bcf/¥r.).

200MMcfd - (75Bef/Yr.)

Methane Emission Rate

100MMcfd - (36Bcf/Yr.)

1971, . 1973 . 1975

'SOURCE: Irani, M.C., ' Jansky, J.H., Jeran, P.W. and Hassett, 6.L.,
R Methane ‘Emissions from U.S..Coal Mines in 1975, A Survex,
- U.S. Bureau of Mines, IC 8133 1977 _ 3
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Price Per Mcf
$1.75 $3.00 $4.50

e Ultimate (30 Year) Recovery,
in Tcf - - . 1.1 1.6 1.6

e Yearly Production Rates,
in Tcf/Year

1985 , 0.02 0.02 0.02
1990 0.04 0.05 0.05
1995 ' 0.04 0.07 0.07
2000 0.05 0.08 0.08

e Cumulative Recovery by
the Year 2000, in Tcf 0.64 0.91 0.91

Given the lack of currently installed methane recovery facilities
in domestic coal mines, it is assumed that all of the production benefits

would be due to a joint public-private research and development program.

2. Methane Recovery from Unminable Coalbeds

The major target for recovering methane from-unminable coal seams
would be the thick, bituminous coal seams of Colorado and the other Western
States. Exhibit 1-27 displays the estimated cumulative distribution of the
thickness of these coal seams in the Western States.

An economic analysis of methane recovery from deep, unminable coal
seams, using deviated wells, provided the following estimates of recoverable
methane as a function of natural gas price:



Exhibit 1-27

Estimated Distribution of Total Bituminous Coal Resources
by Coalbed Thickness for Colorado and Three Western States

100

80— Three
~ Western States _ N

60 -

40

Percentage of Total Resource

20 -

S I ' 1 i I

! ; i I 1 ) T
100 . 20 30 40 50 ; 60 70
' COALBED THICKNESS (FEET)

SOURCE: Booz, Allen & Hamilton, ERDA's Underground Coal
Gasification Program, Volume III - Resources, May, 1977.

1S~
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Price/Mcf

$1.75
$3.00
1 $4.50

Recoverable
Methane (Tcf)

0-10
0-20
0-25

Due to the speculative nature of the resource base and the
uncertain capacity of existing technology to economically exploit it,
only a range of recovery has been estimated at this time. No estimates
have been made of production rates. All1 of the recovery is assumed to
“accrue from a joint public-private research and development program.
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VIII. METHANE FROM GEOPRESSURED AQUIFERS

A, ‘Background

Large water-bear1ng reservo1rs, character1zed by significantly
h1gher temperatures and pressures than their depth alone would. suggest,
lie deep beneath the Gulf.of Mexico and. the coastal regions of Texas and

Louisiana. .These are referred to as geopressured aquifers. Under these
conditions, considerable methane may be dissolved in the trapped water,

~particularly if the water is low in salinity. Should it be possible to

produce the formation water, extract the methane, and dispose of the spent
water in an economically and environmentaTTy‘SOUnd way, ‘these reservoirs
could contribute to the‘natjpn's:gas supply.

The initial estimates of gas in place for these geopressured
aquifers have been vast; ranginglfrbm 3,000 Tef (B. R. Hise) to 50,000 Tcf
(P. H. Jones). The USGS, in Circular 726, placed the estimate at 23,618 Tcf.
These large gas-in- place flgures have led to cons1derab]e speculat1on of a
massive, economlcally recoverab]e future source of gas. Popu]ar publications
such as Fortune and the Wall Street Journa] and pub11ca11y known individuals

‘'such as Herman Kahn (Hudson. Inst1tute) have specu]ated that geopressured

aquifers can prov1de gas for 1,000 years. ‘More 1ntens1ve interpretation of

-these initial estimates have placed the recoverable potential at 250 to
500 Tcf (M. H. Dorfman) ‘ '

The essent1a1 quest1on 1s not the tota1 size of the resource,
but the port1on that may be techn1ca11y and econom1ca11y recoverable.
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B. Methane Recovery from Geopressured Aquifers

While the basic technology for recovering methane from the geo-
pressured aquifers is traditional and straightforward, only about 2 to 5
percent of the reservoir's water can be produced in 30 years or before
exhausting the reservoir's drive mechanism. Thus, even under optimistic
assumptions, less than five percent-of the gas resource in place will flow
to the surface at rates above an economic 1imit and be recoverable, as
shown on Exhibit 1-28 for three Texas and Louisiana Gulf Coast reservoirs.

Economic recovery of methane from geopressured aquifers depends
on meeting two minimum conditions:

e That the economic value of the gas contained in one
barrel of produced water at least repay the operat-
ing costs of producing and disposing of that barrel
of water; and

e That the rate of production of water containing
methane (over and above that required to repay
operating costs) be sufficient to repay the invest-
ment costs of the project.

These two factors, total methane content and production rate, are

the two critical economic variables and provide a single means for represent-
ing the numerous geologic and reservoir characteristics that influence these
variables.

The analysis considered the production of methane as the primary
purpose and did not consider either the cost or the output value of thermal
or hydraulic energy recovery. This was done for two reasons. First, the
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Exhibit 1-28

: Analysis of Technical Recoverv Efficiency from
Geopressured Aquifers

|-

6001 600 BCF
550 4
500 500 BCF
450 4
400 L
350 4
W
O
[34] 3004
250
: - 225 BCF
200}
150 %
1001
50 ¢ 15 BcF 7 BcF 22 BCF
(2.5%) (3.1%) (4.4%)
A  mee———
GAS IN . RECOVERABLE GAS IN ~ RECOVERABLE GAS .IN °  RECOVERABLE
PLACE GAS PLACE COGAST L PLACE GAS -
) ] | 1 L 1
RESERVOIR A RESERVOIR B .= . - 'VRESERVDIR C
SINGLE RESERVOIR AREA 60 42
(SQUARE MILES) ,
. Pay THICKNESS, FEET 300 200 500
| PAY PERMEABILITY TO
{ BRINE, MDS - : 20 125 : 100
PRESSURE, INITIAL, PSI 11,000 11,000 14,000
METHANE CONTENT; SCF/BBL 40 25
LOCATION BRAZORIA FAIRWAY, LOUISIANA LOUISIANA
- TEXAS

(4. MAURICE) (DEPTH RANGE,
‘ 18,000-19,000)
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examination of thermal/hydraulic energy recovery was specifically excluded
from the scope of this effort. Second, much of the area defined as being
geopressured had temperatures between 200-300°F and thus relatively low
potentials for thermal energy output.*

1. bMethane Content

The estimates of methane content were made by the solubility
curve in Exhibit 1-29 (assuming full saturation).** These were then adjusted
based on an estimate of the salinity of the reservoir water, using the curves
in Exhibit 1-30.%** |

2. Production Rates

The estimates of production rate and recovery were derived from
basic production flow equations, as governed primarily by the thickness, per-
meability, and areal extent of the reservoir. Exhibit 1-31, derived from this
model, provides a graphic display for a given area of the effects of net pay
and permeability on production rate.

*  The potential thermal output at 200°F is about
1/5 of the thermal output at -3250F.

** The original work by Culberson and McKetta on the
solubility of methane in distilled water has been
extended to higher pressures and temperatures by
Sultanov, Skripka, and Namoit.

*** Standing and Dodson have provided means for esti-
mating correction factors for saline water.
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Exhibit 1-29

“Solubility of Methane in Fresh Water
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Effect of Salinity on Gas in Solution at Gas Saturation Point

~ SOURCE:

5 LT
(Y3 o G4
k 0.80
wl® 0.70
&Y 0.60
[o
&B|Z 0.50
C&lZ o.40
olo
S
=13 o.30
A3
wnwiw
Lonl Kand
8ja o.20
V) .
f_%(“go.xs

Exhibit 1-30

TOTAL DISSOLVED SOLIDS,
PARTS PER MILLION

Standing and Dodson

0 100,000 200,000 300,000

SOLLUTION GAS, SCF/BBL
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. Exhibit 1-31

10 Year Average Production Rate as a Function of Net Pay,
ermeability, and Area

Reservoir 2
Area = 50 mi~

) 1 { 1

100 200 300 400 500
Net Pay - Feet
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3. Minimum Required Production Rate/Methane Content
Combination to Cover QOperating and Investment Costs

The analysis of operating and investment costs provides an overall
minimum required combination of well production rate and methane content, as
follows:

Price - Production Rate
($/Mcf) (8/D) Methane Content (Cu. Ft./Bbl) to Pay Back:
Operating Investment Costs

Costs (10 yr -~ 5 yr) ‘Total
$1.75 20,000 50 46-92 96-142

: 40,000 50 23-46 73-96

60,000 50 16-31 66-81

80,000 : 50 - 12-23 62-73

$3.00 - 20,000 30 27-54 57-84

40,000 30 14-27 44-57

60,000 30 - 9-18 39-48

80,000 ‘ 30 7-14 37-44

$4.50 : 20,000 23 20-40 -43-63

40,000 23 . 10-20 33-43

60,000 23 ‘ 7-13 30-36

80,000 23 ‘ 5-10 28-33

Exhibit 1-32 illustrates the minimum required combination of
production rate andvmethane content to provide a ten-year payback.*

* It is assumed that substantial additional resource
characterization, technology development, and = -
demonstration serve to reduce the risk to conven-
tional levels, thereby permitting the use of the
ten-year payback criterion.



Required Production Rate (B/D)

Exhibit 1-32

Minimum Required Production Rate and Methane Content
from Geopressured Aquifers (Under Ten-Year Payback)
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$1.75/McF

60,000 o= $3.00/MCF

40,000 o

$4. SO’I\:EF

20,000 -L

g 1 1 1 N I I
J 4

30 40 50 60 70 80 90

REQUIRED METHANE CONTENT
(Cu. FT./BBL.)

09-1L




1-61

C. . Economic Potentia1 of ‘Methane from Geopressured Aquifers -

The recovery of methane from geopressured aqu1fers would be
d1rected to the Gulf Coast reg1ons of Texas, Louisiana, and Mlss1ss1pp1
‘The target would be the Tertiary age (Frio and W11cox) formations in
Texas and the Miocene and Upper Cretaceous format1ons in Lou151ana and

Mlss1ss1pp1

1. Geopressured Aquifers of the Texas Gulf Coast

Recently completed work by D. B. Bebout of the Bureau of Economic
Geology (University'of Texas at Austin) has identified five prospective
' geothermallgeopressured fairways in the Frio Formation (Tertiary) of the
Texas Gulf Coast. The available geologic data and the analytic methods
described above were used to estimate the methane content of the water
~and the average production rates for the five identified prospects, as
follows:

Estimated Estimated

Methane Content Production Rate
| (Cu, Ft./BbT.) TAvg. BbI/D; 10 Years)

e Hidalgo Fairway 45 7,000
e Armstrong Fa1rway o 35 34,000
e Corpus Chr1st1 Fairway 40 9,000
o Matagorda Fairway - 55 - 2,000
e Brazoria Fairway o s I

--,Aust1n-Bayou . 85 51,000

-- Other | 40 - 41,000
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When these five prospects were compared to the minimum economic

conditions for the (low-risk) payback period of ten years, only the Austin

Bayou prospect is economic at $3.00 per Mcf.

Fairway becomes economic at $4.50 per Mcf.

2. Geopressured Aquifers of the Louisiana Gulf Coast

The remainder of the Brazoria

Two major studies of the resource in the Louisiana area were used.
They are reported separately, because they yield differing conclusions.

a. LSU Study

Eight Targe geopressured aquifers were located and defined by
Hawkins of Louisiana State University, in the Louisiana Gulf Coast area.*

The methane content for these eight areas are estimated as follows:

Prospective

Area

Newton

S. Midland

Lake Arthur
Lockport
Maurice

. White Lake
Big Mouth Bayou
SE Peron Island

»n = = =

Reservoir Properties

Temperature Pressure Dissolved Estimated Methane
(OF) (psi) Solids (ppm) Content (Cu.Ft./Bbl.)
190 7,000 80,000 14
250 10,000 80,000 21
240 9,000 80,000 20
220 10,000 80,000 19
250 11,000 80,000 25
280 9,000 80,000 25
200 8,000 ,80,000 17

- 270 12,000 80,000 28

* In addition, 55 prospective areas were identified from
sand count and pressure maps, however, further geological
study is required to ascribe any volumes to these pros-

pective areas.
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Under a minimum required methane content of 32-38 cubic
feet per barrel (assuming the maximum 10 year production rate of 60,000
B/D), none of the eight prospective areas are economic.at $3.00 or $4.50
per Mcf.

b. USGS Study

A second effort currently underwéy by USGS (Wallace) involves
analysis of over 1,000 wells covering about 75,000 square miles from onshore
and offshore Louisiana.

The analysis has identified about 6,000 Tcf of gas in place for
“the full depth interval of 2,000-19,000 feet. Approximately half of the area .
was onshore, and the geopressured zone began at about 10,500 feet of depth.
Thus, about 800 Tcf of gas in place is in reservoirs that are both geopressured
and onshore.

Using data 6n-temperature, pressures, and salinities from USGS,
the following methane concentrations were determined for the geopressured
interval 10,500 to 19,000 feet:

| , , GIP
Geopressured Temperature  Pressure Salinity Methane Content  Onshore
Interval (Ft.) (°F) 7 (psi) (ppm) (Cu. Ft./Bbl.) (Tcf)
10,500-16,000 - 210-260 . 8,000 - 70,000- 16 - 31 695

’ 12,000 110,000 B

16,000-17,000 = 270 13,000 50,000 - 37 "~ 60
17,000-18,000 280 ~ 13,000 50,000 42 2
18,000-19,000 290 14,000 50,000 a7 - 20

TOTAL | ~ : 800
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Because little conclusive data are available on areal size
or permeability of the south Louisiana geopressured aquifers, for economic
and recovery purposes it was assumed that each interval could support a
ten year production rate of 40,000 B/D.

An analysis of these deposits shows that the 18,000 feet and
deeper interval is economic at $3.00 per Mcf and the interval déeper than
16,000 feet is economic at $4.50 per Mcf.

3. Summary Estimate of Economic Potential

Extrapolating from the analysis of the resource base provides the
- following estimates of economic potential from geopressured aquifers, shown
below (in Tef):

Texas Louisiana*
Gas In Place 60 . 800
Technically Recoverable
Gas In Place 2 40
Economically Recoverable At: ,
$1.75 - -
$3.00 0.1 1.0

$4.50 ~ 0.4 5.0

* The resource data in Louisiana is classified
as speculative. ‘
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Due to_the very preliminary definition of these resources, no
production rates have been projected.

_ Beyond . the quant1t1es est1mated from ava11ab1e resource data,
add1t1ona1 productive hor1zons may ex1st in Texas and in centra] Louisiana.
Further, the research work on geopressured methane has 1nt1mated a second
resource target that may be associated w1th geopressured aqu1fers - free
methane in excess of that in the saturated reservoir brines. Shou]d either
of these conditions be proved by further research, the economic potential
of geopressured aquifers may substantially increase.. =



IX. THE PROPOSED RESEARCH STRATEGY IN ENHANCED GAS RECOVERY

1-66

A. Proposed R&D Plan

The overall objectives of the research plan are to define the
unconventional gas resources, to advance the state of the technology to

economically exploit these resources, and to optimize and accelerate the

application of the emerging recovery technology.

The proposed five year program consists of 16 major programs
across the four unconventional gas resource bases, as shown below:

Unconventional
Resource Base

1. Tight Gas Basins

2. Devonian Shale

3. Methane from Coal

4. Geopressured Agquifers

Title of the
R&D Program

Resource Evaluation
and Characterization

Develop Advanced
Recovery Technology

Optimize Recovery
Technology

Stimulate Accelerated
Application

Develop Deep, High
Cost Formations

Test Potential of

Dual Completions
Improve Recovery Efficiency

Recover Methane in
Association with Mining

Recover Methane from
Unminable Coal Seams

Ascertain Reservoir Size,
Methane Content, and
Production Technology

No. of
Programs
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B. R&D Costs

Unlocking the potential of these diverse unconventional sources
of natural gas will require a concerted program of research, development,
and demonstration. In addition to on-going industry outlays, nearly
$370 million is required, over the next five years, for the joint
Federal-industry research programs in enhanced gas récovery, DOE would
- provide $265 million and industky the remaining $105 million.

e The yearly costs for the 5-year DOE/Industry joint
research program are as follows (in millions of
constant 1977 dollars)

Total Costs DOE Share
Total 5-Year Costs S o
(FY 79-FY 83) $369.1 $265.5

Yearly Costs: '

FY 79 o $59.7 $ 45.5

. FY 80 . 807 60.4
FY 81 . 74.6 ' 53.5
FY 82 | 87.0 56.3

FY 83 : 67.1 49.8



Program
Elements

Resource
Characteri-
zation and
Knowledge
Base

Improved
Measurement
Tools and
Methods

Field Tests

Technology
Transfer

TOTAL

1-68

e Public R&D (the DOE share) funds the resource

- characterization, improved measurement, and
technology transfer program elements; DOE and

industry jointly fund. the field-based R&D:

Tight Gas - Devonian Methane
Reservoirs Shale from Coal
(Total/DOE) -~ (Total/DOE) (Total/DOE)
$37.9/37.4 $6.5 $5.5
15.2 2.5 2.0
188.1/98.0 27.1/19.1 36.5/31.5
8.0 2.0 1.6
$249.2/158.6  $38.1/30.1 $45.6/40.6

Methane from

Geopressured

Aquifers
{Total/DOE)

$2.7

3.0
30.0

0.5
$36.2

Total
(Total/DOE)

$52.6/52.1

22.7
281.7/178.6

12.1

$369.1/265.5
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C. Production Benefits

Successful execution of the R&D program would lead to additional
gas recovery and~acce1eration’ofrits‘production. :

Two measures were used to quant1fy the benef1ts

e A long term measure of additions* to u1t1mate
recovery (at $3.00 per Mcf) over that due to
Base Case technology.

e A near-term measure “of add1t1ona1* gas that
can be produced between now and 1990 (at $3 00
per Mcf) due to Advanced techno]ogy ’

The estimated additional recovery, under the Base Case, is
shown below:

‘Near-Term Measure

- , , Vb,Long-Term<MeaSure o Cumulative Addition
‘Unconventional - Ultimate Addition to Recovery ~ ‘"to Recovery: 1978-1990
_Gas Target . . - (@ $3.00/Mcf) . - - (@ $3.00/Mcf)
_ (Tcf) B (Tcf)
e Tight Gas Sands : 81 ’ _ . 25
~® _Devonian Shale , . .. . 8 . . L 2
e Methane from -~ -~ . o
Coal Seams N ‘“2'-'22, o - N(A '
e Methane from Geo- L i ” s
pressured Aquifers R - NMA
TOTAL o ooe2-l2 g7

* These are additional guantities, over the Base Case,
that would accrue due to successfu] R&D leading to.
the Advanced Case. :
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X. SUMMARY

~ Under advanced recovery technology, unconventional sources of
natural gas could make a substantial contribution to gas supplies between
/ 1985 and 1990. These unconventional sources, already providing about 1
Tcf per year, could provide, under advanced technology and acceleration,
from 3 to 4 Tcf in 1985, and from 6 to 8 Tcf in 1990 (at $1.75 and $3.00
per Mcf, respective]y}. .

The Targest total prodgction from unconventional resources would
accrue from a combination of increased economic incentives and advanced
technology. At gas prices of $3.00 per Mcf, 200 to 220 Tcf of unconven-
tional natural gas could be ultimately recovered with substantial quantities,
nearly 50 Tcf, available between now and 1990.

Higher gas price combined with advanced technology will enable gas
producers to develop the less productive parts of the Devonian shales in the
Appalachian Basin, and will provide a threshold price for beginning production
of methane from coal seams and geopressured aquifers. In the tight gas basins,
- it shifts a considerable portion of the near-conventional target to industry,
relegating the more difficult targets to exploitation through advanced tech-
nology.

For an equivalent amount of energy, between now and 1990, the uncon-
ventional sources under advanced technology and up to $3.00 per Mcf** provide
as low or lower cost to the public than any substitute energy sources.

* A $3.00 per Mcf gas price would be equivalent to imported
fuel oil, assuming a 20% premium differential.

** The study of enhanced gas recovery examined only three prices --
$1.75, $3.00, and $4.50 per Mcf -- and an optimum research pro-
gram for a given price. It did not seek to establish the
optimum price or optimum combination of public R&D and price.
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However, even with these additions to supply, the projections
are that gas supply remains below 1977 usage levels. Thus, additional
gas supply programs such as coal gasification, electricity, and gas or
LNG imports, though costly, are required to fill the gap and provide the
nation with adequate energy supplies.
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ATTACHMENT A

OVERALL APPROACH TO DEVELOPMENT OF THE EGR STRATEGIC PLAN

The EGR research strategies and estimates of their potential build
directly on the problems -- as articulated by industry and'suppofted by
deta11ed, 1ndependent geo]og1ca1 and eng1neer1ng economics ana]ys1s -- that
have constra1ned the deve]opment of the unconvent1ona1 sources of’ natura]
gas. The R&D strateg1es call for vigorous Federal- 1ndustry co]]aborat1on
to overcome these constraints, thereby enabling accelerated development and
commercialization -- and substantial additions to the nation's gas supply.

This, Attachment provides an overv1ew of the process by which the -
Strateg1c Plan is be1ng generated *

~I. PHASES IN THE OVERALL APPROACH

A. The Puﬁposefof the Sthdy

The Enhanced Gas Recovery Strategic Plan is to serve as the analytic
foundation for selecting a rational, cost-effective R&D program for unconven-
tional natural gas. Specifically, it is to support Federal policy-makers in
selecting a portfolio of projects‘(strategies)'that addresses the technical
and geological problems that have deterred industry from developing these
resources. Thus, the analys%s has-to_inc]hde Specific information on the
fol]owingi ' ‘ ' '

e 0perat1ona1 R&D ob3ect1ves

e The techn1ca1 feas1b111ty of meet1ng these ObJect1VES~

* Volume III of this report contains methodological
papers explaining the major analytic steps in detail.



® Activities, with their timing and costs, requ1red to ful-
fill these obgect1ves

~ e Production benefits attributable to meeting the R&D
objectives. e

This 1nformat1on will he]p Federa] officials and the Working Group
on Enhanced Gas Recovery select progects that w111 u1t1mate1y comprise the
Strategy Plan. \

B. Steps in the Planning Process

The overall planning brocess consists of three broad phases (Exhibit
A-1): ‘ '

e The Design Phase defines the geological and'technoleica] problems

encountered in economically producing gas from unconventional
sources. Those problems that are being or will be addressed in
the next five years are the basis for the Base Case; those that
remain are candidates for Federal R&D strategies and a program

of activities is suggested to solve these problems. The solu-
tions to these problems form the basis for specifying the Advanced
Case and the DOE R&D plan. The timing of the activities and the
costs are part of the study.

e The Analysis Phase provides estimates of gas production from

unconventional sources. These production forecasts stem from
combining detailed geologic data, engineering mode11ng, and
economic analysis.
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EXHIBIT A-1

~ PHASES IN THE STRATEGIC PLANNING PROCESS

stlategies

o Fi

'“I ° Ana]yze costeeffect1veness oft |

DESIGN - R | ANALYSIS
e Define current technology €@~ © Define need for EGR
- andmajor problems . | | ¢ ol7ect detailed geologic
0,Determ1ne 1ndusthy s R&D . |m—y  and well data .- -
plans and economic criteria | - _e Define reservoir parameters
e Define problems being s
 deferred by -industry '.'ZPEC1fy ‘technology levels
. . e Simulate production given
e Design strategies for :
solving these problems rese:v01r data and technology
o e e Simulate economics given gas
¢ Eetail the strategies " “.price, production; and costs
or activities and of technology ,
phasing o S - . g .
. : L 3 orecas timing of economic
e Estimate: costs of each o )
strategy _ production
Strategy goals, Forecasts of
activities, - production
costs ~benefits
. 2
© SELECTION: ’

° Rank strategles by pr1or1t1eg- f‘ o
° Trjde -off analyses 1
ﬂaI section of strateg1es

* IMPLEMENTATION
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The broad definitions of Base and Advanced Cases developed in
the Design Phase are translated into detailed specifications
of the physical performance of the technology as it can be
delivered reliably in the field. These detailed specifica-
tions are combined with the reservoir data through reservoir
simulation and production history-matching to‘project gas
recoveries. The costs of the technologies as applied in the
field are combined with these production estimates and gas’
prices to evaluate economic viability. This procedure is
applied under: (a) Base Case technology -- to forecast pro-
duction in the absence of an active Federal R&D role; and
(b) Advanced Case technology -- production predicated on
successful implementation of the respective strategies.
Incremental production of the Advanced Case over the Base
Case is defined as the production benefits of a strategy.

e The Selection Design consists of Federal officials' review

of the candidate strategies from the Design Phase, a weigh-
ing of the costs and benefits, establishing priorities, and
selecting the most cost-effective portfolio of strategies
given budget constraints and other considerations.

This three-volume report represents the contribution of Lewin and
Associates, Inc., to the Design and Analysis Phases. It is submitted for
the review and revision of the Enhanced Gas Recovery Working Group, respon-
sible for making final recommendations of the scope and funding for the
respective strategies. The Working Group will then participate with other
DOE officials in completing the Selection Phase and, ultimately, implementing
the Enhanced Gas Recovery Program.



The chapters in Volume II of this report which d]SCUSS the various

unconvent1ona1 gas resources are each divided into two parts. The resu]ts
of the Ana]ys1s Phase are reported in Part 1 of the respective resource
chapters. This describes the resource and the major problems besetting its
development, defines specific targets (portions of the total resource affected
by simi]ar‘problems), and forecasts the productioh-expected under Base and
Advanced technologiesdfor a range of gas prices. The results of the Design
"Phase are detailed in Part 2 of each resource chapter These descriptions

of the candidate strateg1es define the centra] problems to be addressed for

each target resource, the ~scope of the strategy, its R&D obJect1ves activi-
“ties, manpower and f1e1d test act1v1t1es, R&D costs, and assoc1ated production
benef1ts ‘ ’ ‘

The subsequent Selection Phase is the prov1nce of Federal managers,
so outside the scope of this report :

II. OVERVIEW OF THE ANALYSIS PHASE

Exhibit A-2 shows a simp11f1ed flow d1agram of the EGR Ana]ys1s Phase.
The Analysis Phase was designed to approx1mate, on a scale cons1stent with a
‘planning model, the procedure* fo1]owed by gas producers in evaluating prospec-
tive drilling opportun1t1es The ana]ysis‘begins with the evaluation of geo-
logic data and well records proceeds to the est1mat1on of. product1on and eva-
~ luation of economic feasibility, and»conc]udes w1th_a.f1e1d development schedule --
in brief, it follows a geology-engineering- economics‘approach ‘The principal -
features of this approach are descr1bed br1ef1y be1ow and in substant1a11y
greater detail in Vo1ume II. C : S



EXHIBIT A-2

Simplified Flow Diagram of
the EGR Analysis

Geology and Well Data
\
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e Advanced Case !
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Extrapolation and

Rate Data

Timing Model
Y

Expected ultimate production and
production rates, all prices:
e Base Case projection
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¢ Increment of Advanced over
Base — Program Benefits
& Requirements for production
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1., Geology and Well Data. . More than fifty geologists and engineers
from industry, consulting firms, and:government'agencies participated-in the
data collection on the unconventional gas resources. These data included -
geologic studies, drilling, completion, and recovery performance of indivi-
dual wells, test results, well locations, and exploration data. - These data
were synthesized 1nto detailed geo]og1c/reservo1r descriptions of the basins
and prov1ded to the ana]yt1c team for convers1on 1nto deta11ed analytic units.

2. >Reservo1r'Character1st1cs --Based on the geologlc and well data, the
total area of each relevant basin was divided into four segments:

. Proved -- already proved by dr11]1ng and under o
_ deve]opment

e Probable -- areas adjacent to proved areas where
extension development is likely.

° Possib1e'e-‘out1ying areas in which'there;has been:
sufficient historical drilling to establiSh gas
"shows", although perhaps not economic wells. -

B TR ST S ' T ‘
e Speculative -- areas in the basins which are either
. undrilled or in which drﬂhng has not revea]ed gas
depos1ts.

The obJect of this study is to focus analys1s of 1ncrementa1 -produc-
tion from unconvent1ona1 resources ProVed areas therefore, were exc]uded
from the study because th1s resource 1s part of the current]y proved reserves
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Speculative .areas and basins for which data were lacking were also excluded*
because the information available was insufficient to support the detailed
engineering-economics approach to the analysis. Thus, only probable and
possible areas -- areas undeveloped but having enough data to support detailed
analysis -- were included in the study. '

The reservoir properties of the target formations in these areas
were aha]yzed in detail. The areas were further divided (areally) into sub-
basins to.insure relative homogeneity of the respective analytic units. This
subdivision was necessary to allow for variations in the properties of.indivi-
dual formations in a vertical series and to reflect the absence of some forma-
tions from the “"stack" in specific sub-areas. These interpretations were
reviewed by geologists and engineers experienced in the respective basins.

The resulting analytic units used by the study were as follows:

Resource Analytic Units

Tight Gas Basins 622 reservoirs
Devonian Shale 34 areal units
Methane from Coal Seams

-- with mining Appalachian Region

-~ unminable A1l unminable coalbeds

Methane from Geopressured
Aquifers 23 fairways and horizons

* A separate effort was conducted by the Working Group to
approximate the total gas-in-place in the speculative
areas. These resources were subject to separate pro-
gramming aimed at defining the reservoir parameters in
these areas so they could be ranked in a way roughly
similar to the probable and possible areas.

O
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3. Technology Specification. The Base Case definition was ‘derived
from actual field experience of industry, as reported in the technical litera-
ture, from the op1n1ons of experts, and from the R&D efforts planned by industry
for the next. five years -as ascertained through intensive consultation with
leading producers and service companies and verified through extensive survey-
ing. For each resource, this level of technology was specified in terms of
the level of physical performance (e.g., fracture length and conductivity)
that can currently or w1th1n the next five years be re11ab1y achieved in
rep11cab1e f1e1d app11cat1ons

The Advanced Case was defined as achieving an 1mproved level of
technical performance (as defined in the Design Phase). " As in the Base Case,
this case was spec1f1ed in terms of the lTevel of physical performance of the
technology (e.g., 1onger fractures, 1ncreased conduct1v1ty) Eighty percent
reliability was defined as the thresho]d level for rep11cab1e field applications.
The costs of the rema1n1ng twenty percent were borne by the e1ghty percent that
were successfu] o

4. Production Sﬁmu]ation The detailed reservoir and geologic data of
the analyt1c units were comb1ned with the explicit spec1f1cat1on of the tech-
no]ogy to produce product1on est1mates R N

'For "the T1ght Gas Sands, a state-of-the-art reservoir
simulator was used to model the 'gas production from -

' each reservo1rrun1t, under both Base and ‘Advanced
Ttechhologies" The simulator, developed by Drs. S. A.
Holditch and R. Morse of Texas A&M University, is a =

’ '51ngle phase, two-dimensional finite difference model
that simulates the flow of gas in a porous medium.



® Production estimates for the Devonian Shale were principally
based on area-specific, historic production data, adjusted to
reflect advances in technology, and for the thickness and
intensity of natural fractures of the shales. The A&M reser-
voir simulator was used to provide supportive and validating
analyses of the shales.

. ‘Proddction from minable coalbeds was based on the rates of
mining and methane captufé. For unminable coalbeds, recovery
estimates were made by a time-dependent analytic diffusion
model based on the intensity of natural fractures and the
methane content of the coal.

e Estimates of production from geopressured aquifers were based

~ on a standard reservoir engineering flow model. Methane con-
tent of the brines was estimated from temperature, pressure,
and salinity; the flow rate was calculated as a function of
reservoir rock compressibility, relative permeability, thickness,
and area.

5. Project Economics Model. The next step is the analysis of economic
feasibility. A discounted net present value (NPV) cash flow model was used
for the Tight Sands and Devonian Shale. A payback model was used for methane
from coalbeds and geopressured aquifers. In all cases, the revenue stream
was estimated by multiplying the net gas price {after royalty and production
taxes) by the production rate as estimated above. Gas prices of $1.75, $3.00,
and $4.50 per Mcf (in mid-1977 dollars) were analyzed.
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Cost est1mates were based on actual field exper1ence, .updated to
m1d—1977 1evels Major cost 1tems were basic drilling and completion costs,
incremental well stimulation costs, surface equipment, operating and mainte-
nance expenses, general and“administrative‘costs,“explorationland dry. hole
costs, and income taxes.” Standard gas accounting conventions were used for
def1n1ng tang1b1e costs and deprec1at1on - The costs varied by location,
depth, and- techno]ogy In all cases revenues were compared w1th costs using
exp11c1t financial cr1ter1a (NPV greater ‘than zero at spec1f1ed discount
rates or payback less than a specified number of years). When these criteria
were met, the project was deemed economic.;

6. Extrapo]at1on and T1m1ng Mode1 It was assumed that all economic
prOJects wou]d be developed .in a phased-progression. For each basin, an areal
success factor was defined for probable and possible areas,‘respectively.
These factors were based .on recent‘exploratorygahd development success in the.
basins as reported by the American Petroleum Institute and the American Asso-
ciation of Petroleum Geologists..  The success factors Were multiplied by the
areas of the probable and possible pdrtiohs of each basin to yieid expected
* successful areas.’ Each area was then divided by the drainage area per well
(which varies with technology and reserVOir'properties) to define the expected
" number of wells in eéCh sub-basin.” The development of ‘these wells was then
time-phased so that the rate: of expans1on represents an orderly. progression
“of devélopment across the basins. ' Probable areas were assumed .to be drilled
prior to possible ‘areas. L (Note that extrapolation is confined to the probable
"~ and poss1b1e areas of the ‘basins; proved and speculative areas are exc]uded )

" This final phase of the ana]ysis prov1des for each strategy and price analyzed:




e - Base Case ultimate recovery, annua] product1on rates, and
cumulative recovery. \

e Advanced Case ultimate recovery, annual production rates,
and cumulative recovery.

e Incremental benefits of the respective strategies (Advanced
Case production minus Base Case production)ﬁ

v

e Requirements for production, e.g., number of wells, stimu-
lations, and water requirements.

In summary, the Analysis Phase was designed to approximate industry
processes for evaluating the economic feasibility of the unconventional
resources using the best available geologic and reservoir data and production
potential to estimate economic viability and pace of development.

ITI. OVERVIEW OF THE DESIGN PHASE

The methods of the Design Phase consisted primarily of intensive inter-
action with industry, academic, and government experts for each of the resources.
The results were essentially qualitative in nature; their evaluation depends in
large part on the accuracy of the probiem definitions that emerged and the
efficacy of the strategies for solving these problems An independent study*
of over 90 firms in the industry served to validate the broad understanding
of the resource problems, R&D plans, and the economic criteria used by industry.

* Booz, Allen and Hamilton, Inc., Empirical Study of the
Natural Gas Industry, August, 1977.
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This was complemented by in-depth consultations with‘the geological, R&D,
and production engineering staffs of the leading production and well-service
firms to define the problems on a more operatioha], quantitative level --

as input to the Analysis Phase.

The results of these consultations have their clearest expression
in the Analytic Phase, where they were reduced to explicit, quantitative
terms of economic recovery.



CHAPTER TWO

THE NEED AND ALTERNATIVES FOR
INCREASING SUPPLIES OF NATURAL GAS -




I. INTRODUCTION/

Natural gas, the natlon s second most ut111zed fue] source pro-
v1des about th1rty percent of the country's energy requ1rements It is a
major component of home heating, industrial fuel and raw mater1a1, and
electricity generatlon

As the use of natural gas grew dur1ng the early 1970's, domestic
capacity to meet this usage declined. The effects of this decline were felt
first through periodic curtailments and f1na11y by severe industrial disrup-
tion. 1In 1976/77, p1pe11ne curtailments, one measurement of unmet demand,
were 3.4 Tcf, a shortfa]] of about 15%.

Three aspects illustrate the current'problem in domestic natural
gas supply:

e Since 1970 additions to supply from new discoveries and
extensions of. known fields have replaced on]y 1 Tef for
every 2.5 Tcf consumed.

e Total proved reserves, therefore, have deciined by 26% in
the past seven years, from 290 Tcf to. 216 Tcf. Of the
216 Tcf, 32 Tcf are in A]aska, unava11ab1e without a p1pe-
.Tine or other means’ of transportat1on 1eav1ng only 184
Tcf in read11v accessible proved reserves.

—~

e With 1976 production running at 19.7 Tcf, the ratio of
proved reserves to production is at an all time low, less
than 11 to 1. At current product1on rates and without
new add1taons, the nat1on has 1ess than e]even years gas‘
supply in terms of recoverable reserves -- about nine and
a hailf years when -Alaska is excluded.
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While substitute fuel sources, such as oil and coal, can be used,
a reduced gas supply: (a) increases the reliance on 0il imports; (b) jeo-
pardizes large fixed investments such as pipelines and home furnances; and
(c) requires the use of fuels that are more costly to clean to meet environ-
mental standards. o

These trends portend a near-term crisis in domestic natural gas
supply. This study of enhanced gas recovery -- the recovery of gas from
difficult and unconventional sources -- was undertaken for the Department
of Energy (DOE)* to define one option for meeting a portion of this crisis.
It was launched in response to two questions:

e Is there a need for augmenting domestic supplies
of natural gas?

e What is the economic potential of natural gas
supplies from the geologically and technically
challenging unconventional gas resources, namely:

-- Tight gas sands
-- Devonian shale
-~ Methane from coal seams

-- Geopressured aquifers

* During the course of the study, the Energy Research and
Development Administration (ERDA) was incorporated into
the Department of Energy (DOE).
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II. THE NEED FOR.ENHANCED GASfRECOVERY

F1ve programs ‘are ava11ab1e to pub11c po11cy-makers seeking to
“increase natural gas supply:

e 'Deve1oping improved recovery.teohnology andLun]ock-
ing new, unconventional sources of gas. '

o VIncreasinQLthe;econOmic ihcentives for basrproduc+~
tion, ‘through higher prices or more favorable taxes.

. St1mu1at1ng front1er explorat1on, through acce]erated .
~ and 1nnovat1ve ]eas1ng policies.

° Deve]op1ng secure, long-term sources of imported -
- natural gas and LNG.

) Deve]oping techno]ogy for generating‘synthetic gas
by gasification of coal or heavy oil.

' The decisions concerning the need for enhanced gas recovery will
be made in light of the economic and long-term potential of supply from the
alternative programs -- improved economics;'frontier‘exploration, secure -
'fmports, ahd synthetic gas. Thus, decisions concernihg -enhanced gas- recovery
go to the heart of the basic issues in national energy p011cy as set forth
in the Adm1n1stration S Nat1ona1 Energy P]an B

To out11ne the need for gas from unconvent1ona1 sources th1s
chapter will prov1de, in summary form
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¢ An estimate of the domestic supply of conventional
natural gas to the year 2000 under current economic
conditions.

e Analyses of the major programs that could augment
domestic 'gas supply.

A. Estimate of Gas Supply from Conventional Sources --
A Baseline for Comparison

The first step in developing policy for domestic natural gas is to
estimate the supply available from conventionaT sources. Total domestic,
conventional natural gas supply will be produced from three major sources:

® Proved reserves

e Growth in these proved reserves through develop-
ment (extension) drilling

e New additions from exploration

Each of these conventional sources will be discussed individually
and then combined into an overall estimate of available conventional domestic
natural gas supply.

1. Proved Reserves

OQur most secure national gas supply, proved reserves, must be
separated into two geographical areas -- the contiguous states and Alaska.
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The existing, proved reserves in the lower 48 states are 184
Tcf. These reserveé'will be depleted at a relatively predictable rate,
~with infill drilling and improved well life having only small effects on
the established rate. The remaining portion of domestic gas reserves,
the 31.9 Tcf of proved gas reserves in Alaska, requires a major pipeline -
whose costs dictate a gas price considerably in excess of current market
prices.

2. Development Drilling

The initial estimates of proved reserves of a gas field do not
remain static; rather they grow over time through additional deve]opmenf
drilling. Recently, development drilling -- in known fields -- has served
as the major source of new additions to domestic gas reserves.

e Eighty percent of the additions to reserves in the,
past seven years has come from development drilling
(Exhibit 2-1).

e While development drilling has more than doubled in
the pasf seven years, from 3,200 wells per year in
1970 to 7,400 wells in 1976 (Exhibit 2-2),'annua1
produttfvity per well has declined from about 3 Bef
per well in 1970 to 1 Bcf per well in 1976 (Exhibit’
2-3).' Thus, new gas additions from development 1
drilling are still below the 1970 rate.

e The area available for, future development drilling is
rapidly being exploited and is not being reptaced due
~ to low exploration success. Thus, after 1980, addi-
tional natural gas supp?iesvfrom development drilling
will begin to decline rapidly.
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Exhibit 2- 2

Development and Exploratory Drllllng for Domeshc Natural Gas

1970-1976 (Lower 48)
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. Exhibit 2-3 S
Domestic Natural Gas Proved Reserve Additions Per Well: 1970-1976

(Lower 48)
EXPLORATION
DRILLING
4.0
4 BCF
- DEVELOPMENT
"E DRILLING
2 30 3 BCF
%
<
§ 2.0 _
-]
?
8
[
) 1 BCF
1.0 — 1 BCF
/
1970 1976 1970 1976
DEVELOPMENT WELLS EXPLORATION WELLS

qjiSOURCE: API, QUARTERLY REVIEW OF DRILLING STATISTICS, FOURTH QUARTER, 1970-1976

8-¢




e A revised study of inferred reserves -- the future
" potential from development drilling in known fields
- (excluding Alaska) -- indicates that supplies from
this source may have been severely overestimated.
This analysis estimates the potential is nearly 50
Tcf lower -than previously assumed -- 98 Tcf esti-
mated by Brashear and Morra* versus 146 Tcf estimated
by USGS.** |

3. ’New'Supplyyfrom Exp]oratidn

7 The final source of conventional gas supply is from the discovery
of new gas fields and reservoirs. Currently a wide range of estimates exists
as to the amount of new supply potentially availab]e'through exploration.

~ No matter what the longer-term future holds, the near-term situation is
limited, because: N | - BB

e Current offshore leases are a]mostifUIIy eXpiOred.
‘e Recent deep—wel]rtests‘have had poor to mixed results. -

e New finds in frontier areas will be slow to develop
- (five or more years) -and expensive: '

-- Alaskan gas is now estimated to cost $3.50. -
. -to $5.50 Mcf with transportation . -

—- The American Gaé’Assocjétionfénqusis shéWs -

| that the driT]ing~cbst§ of a majof poftion , ,
of undiscovered gas‘reServes’(the deep horizons)' N
will be 6 to 10 times higher than current costs.

* See Volume III, Enhanced Recovery of Unconventional Gas,
Lewin and Associates, Inc.

QEJ ** SGS Circular 725 reported 201 Tcf. However, an error of
tabulation was made and has since been corrected to 146 Tcf.
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From 1970-1976, in the Tower 48 states, exploration added only
a limited amount. Against annual natural gas usage in excess of 20 Tcf,
exploration has added about 1.5 Tcf per year during the past seven years
(Exhibit 2-1). Assuming that these additions ultimately grow by develop-
ment drilling to 5.8 Tcf,* new,disco?eriesfare fai]ing to replace consump-
tion and the reserve will continue to decline.

A hajor part of the brob]em is that, during the past seven years,
exploratory well productiQity has severely declined. While the 1976 rate
of exploration completions is three times the 1970 rate (shown previously
in Exhibit 2-2), overall additions per well have gone from 4 Bcf'per year
in 1970 to 1 Bcf per well in 1976 (as shown previously in Exhibit 2-3).
This is the same general trend‘as noted for development wells.

4. Projection of Gas Production from Proved Reserves,
Development Drilling, and New Discoveries

The projection of gas supply from conventional sources includes
estimates of production rates from currently proved reserves, from additions
to those reserves due to development drilling, and new gas supply from explora-
tion (including development drilling of the new discoveries).

Proved reserves for the lower 48, as of the end of 1976, were derived
from API/AGA statistics. Growth in these reserves from development drilling
were estimated from historical growth rates and years of discovery of known
fields. New reserves from exploration were estimated based on the trend of
the last seven years at 1.5 Tcf per year that ultimately grow to 5.8 Tcf
during the life of the reserve (based on the study of inferred reserve
growth).

* Projected by the method of Brashear and Morra in Volume III.
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_ Each of these conventional gas sources were declined, in the
projection model, at the historic -decline rate for proved reserves.

" The projections that result from an analysis of these conventional
sources show a continuing downturn in gas supply throughout the rest of this
- century (Exhibit 2-4): ‘

19 Tcf in 1978
17'ch in 1980
13 Tef in 1985

11 Tcf in 1990

8 Tef in 2000

B. The Current Contribution of Unconventional Sources

Beyond conventional gas reservés, the unconventional sources of
natural gas, particularly the more geologically favorable tight gas and
Devonian shale basins, even now contribute to domestic production. These
sources currently provide about 1 Tcf per year and could provide, under Base
Case* technology assumptions, over 2 Tcf in 1990. |

-C. Total Domestic Natural Gas Supply

f.Combining‘productioh from the conventional and unconventional
sources, the total gas~$upp]y from domestic sources would be as follows:

* The Base Case assumes industry as a whole would apply
the technology that is currently the state of the art
without a substantial Federal R&D role. The projec-
tion discussed assumes a gas price of $1.75 per Mcf.
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Exhibit 2-4

Projected Production From Conventional Gas Reserves
(at Gas Price of $1.75/Mcf)

.'32;_5__ 3o 8
| _ PRODUCTION e
PRODUC— e
PRODUCTION FROM ~10N FROMN, FROM NEW
PROVED RESERVES™ \ INFERRED DISCOVERIES AND TOTAL
| ch=é§v553’ EXTENSIONS OF L CONVENTIONS
- NEW DISCOVERIER S

1975 1940 1045 1940 1085 2060

"‘_ ACTUAL —H-‘ PROJECTED a»l

1/

-

2/

3/

RESERVES OF CRUDE OIL, NATURAL GAS LIQUIDS AND NATURAL GAS IN
THE UNITED STATES AND CANADA AS OF DECEMBER 31, 1976, BY AGA/API/CPA.

BASED ON A RECENT LEWIN AND ASSOCIATES, INC., STUDY, ANALYSIS OF
THE TIMING AND TOTAL OF INFERRED RESERVES OF NATURAL GAS IN THE
CONTIGUOUS UNITED STAES, BY J. BRASHEAR AND F. MORRA,

BASED ON ONSHORE (LOWER 48) DISCOVERIES OF 1.0 TCF/YEAR AND

OFFSHORE (LOWER 48) DISCOVERIES OF 0.5 TCF/YEAR, GROWING TO
3.9 AND 1.9 TCF RESPECTIVELY THROUGH DEVELOPMENTAL DRILLING.

SURPPLY



Total Domestic Sdpply From A1l Sources
@ $1.75 Per Mcf

Additional ,
i : . Base Case - . Total
: - Conventional* - Unconventional - Anticipated
~ Year _Sources . S Sources ~ Domestic Supply
1980 17 .5 R
1985 V 13 1 14
1990 N 2 ? , 13

2000 8 3 ’ 11

Even with these additions from Base Case unconVentiona] sources,
by 1985 domestic natﬁral gas supply will be 6 to 8 Tcf below recent usage
and as much as 10 ch short by 1990.

Exhibit 2 5 provides a display of total ant1c1pated domestic supply
between now and the year 2000 under current economic and technological condi-
tions. It is clear that still other options will need to be considered to
avoid a serious natural gas shortfall.

* The supply from conventional sources includes some uncon-
ventional gas production, calculated at 0.8 Tcf in 1975,
and estimated at about 1 Tcf in 1977. The gas from uncon-
ventional sources estimated by this study is in addition
to this already proved and be1ng produced unconvent1ona1
source of gas. - : B . e
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Exhibit 2-5

Total Domestic Gas Supply — Conventional and Unconventional
Sources (at Gas Prices of $1.75/Mcf and Current Technology)

1970

BASE CASE
FROM
UNCONVENTIONAL,
PRODUCTION FROM PROVED,+/ SOURCES™
INFERRED,~’ AND UNDISCOVERED
RESERVES3/
195 1980 19d 19do 1495 2doo

fee— AcTUAL —~ i PROJECTED ' e

1/

2/

3/

74

BASED ON AGA/API/CPA, RESERVES OF CRUDE DOIL, NATURAL GAS | JOUIDS
AND NATURAL GAS IN THE UNITED STATES AND CANADA, DECEMBER 31, 1970
THROUGH 1976.
BASED ON THE LEWIN AND ASSOCIATES, INC. STWDY, AMI&&QE_L'E

ING AND TOTA RRED_RESERVES OF NAT AS IN THE
CONTIGUOUS UNITED STATES, BY J. BRASHEAR AND F. MORRA, REPORTED
IN VOLUWME III OF THIS REPORT.
BASED ON ONSHORE (LOWER 48) DISCOVERIES OF 1.0 TCF/YEAR AND OFFSHORE
(LOWER 48) DISCOVERIES OF 0.5 TCF/YEAR, GROWING TO 3.9 AND 1.9 RES-
PECTIVELY THROUGH DEVELOPMENTAL DRILLING.

FROM THE 1978 STUDY OF Wﬂm
SOURCES BY LEWIN AND ASSOCIATES, INC.

NATURAL
GAS USAGE
1970-1975



2-15

 III. OTHER PROGRAMS FOR DOMESTIC GAS SUPPLY -

A. ThevPotential‘Effeéts-of Improved Economics

Past estimates of the efféét‘df'pricélbh stimuléting additional
natural gas supply have pﬁoVen:to be vastly in error.’;Asffétent]y as 1975,
the Administration was projecting the 1977-1980'965 sdpplylat more than 20
Tcf, with prices of $1.00 per Mcf and below. -Al1l of the gas supply models
,HasSumed:dikect,‘and simplistic, relationships between price and supply,
with little consideration of the underlying conditions that govern supply --
geology, production technology, and threshold pricing levels:

o Geological constraints. The distribution of the gas
- resource, in'which the bulk of the gas reserve is
contained in Targe, Tow-cost -fields and the remainder
* of the ‘resource 1ies in increasingly 'small fields that
are cost]y to produce, dictates that each additional
- increment in pr1ce will' br1ng on: a success1ve1y smaller
increment of add1tiona1 supp]y * o

: O,AProduct1on techno]ogy ‘As thejtraditidna] areas become
fully drilled, the .search for .new gas supplies will turn
.to>deepér hdrizoﬁs ahd to formétionsﬁthat require‘morésr-
expensive product1on techno]ogy In these deeper and
more d1ff1cu1t formations, drilling and completion can
easily cost five to ten times more than 1n ‘the shallower, :

. .more’ convent1ona1 gas ‘formations character1st1c of the S
past. . , . e

* In economics this is referred to as decreasing marginal
returns. In resource analysis this is -inherent to
depleting finite supplies and the apparent 1og-normal
distribution of the sizes of all known fields.



e Threshold prices. The most essential price level is
the threshold price for a given type or iocation of
resource. This threshold price will bring on the
initial, major portion of the supply; thereafter,
additional price increasés will have succesSiveTy
smaller returns. A

The overall effect of combining the underlying geology, production
technology, and analysis of threshold pricing leads to three principal con-
clusions:

1. Higher prices will have little effect on proved reserves.

The proved reserves are by definition producible under current
economics. Higher prices could justify the installation of compressors and
provide longer well 1ife, but would add only limited additional supply.

2. Higher prices will have only marginal effect on near-term
development drilling in conventional gas formations.

Detailed geologic characteristics, well performance, and production
cost data were collected on several hundred wells in one major gas basin.
These data were used to analyze the potential impact of price on additional
gas supplies from development drilling.

Using production and cost data from the basin, a "real-life" price/
supply curve was developed for the sample basin (Exhibit 2-6). This shows
that as price increases, successively smaller and smaller amounts are added
to economically producible supply.
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Exhibit 2-6
Cumulative Gas Supply As A Function of Price — Sample Basin
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The‘impact of the price/supply relationship can be seen more
clearly in Exhibit 2-7. The left side of the Exhibit shows the expoten-
tially decreasing incremental price/supply step function; the right side
of the Exhibit shows the primary reason for this phenomena -- price, after
reaching threshold levels, enables economic development of successively -
less productive segments of the resource. The same general conclusions
would be expected in any gas basin, although the exact shape of the price/
supp]y curve would vary by geological setting.

3. If-they cross threshold levels, higher prices can
have major effects.

Given the need to reach for the more challenging and higher cost
frontiers, it is essential to establish the threshold prices that will stim-
ulate gas production from:

e Exploration of frontier areas, even though pro-
duction- from these areas will involve a substan-
tial lag of time.

e Development of conventional areas where the
threshold price is higher than the price cur-
rently allowed.

- e Exploitation of the geologically difficult and
technically challenging unconventional natural
gas formations.

Subsequent chapters of this report examine the price/supply rela-
tionship of the unconventional sources of natural gas.
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Incremental Gas Supply and Field Productivity
As A Function of Price
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B. Frontier Exploration

Three frontier areas have been posed as having major potential
for additional gas supply -- the "lower 48" offshore, deep drilling, and
Alaska. However, recent evidence has bequn to cast serious questions on
the ultimate size of these undiscovered, frontier resources and their
recovery costs..

e Analysis by the USGS shows that the estimates of undis-
‘covered recoverable resources (estimated at 63 Tcf in
USGS Circular 725) for the "lower 48" offshore areas
were too optimistic.

e The potential of deep drilling in west Texas, New Mexico,
and Oklahoma is estimated by the Potential Gas Committee
at 140 to 190 Tcf. While drilling in the deeper portions
of the Anadarko pasin have led to significant discoveries,
the results of deep drilling in the southern Rocky Mountain
area have been disappointing. Exploration wells in these
deeper (20,000 to 25,000 feet) gas provinces will be extre-
mely costly and the pace of exploration will probably be
slow.

e The Alaskan gas potential, though potentially large (USGS
Circular 725 estimates the total potential of proved,
inferred, and undiscovered gas at 123 Tcf) remains to be
found and defined. Whatever the evenfua] size, the cost
of delivering the gas to the "lower 48" is now estimated
at $3.50 to $5.50 per Mcf, with other, independent esti-
mates placing. the cost at double this amount. |
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Imports of natural gas, the near-term alternative, will be
costly:

"o LNG imports from Algeria are being épproved at
$4.50 per Mcf.

e Imports from Canada and Mexico appear to,bé in
the range of $2.50 to $3.00 per Mcf, and possibly
higher.

Addifiona1 dependehce on foreign 50urces, while potentially essen-
tial for averting near-term disruptions of supply, makes the nation increas-
ingly vulnerable and adds to the trade deficit. '

In the lohg-term the nation may have to rely on gas from coal, shale,
or heavy, su]phurous crude oil. This option, however, will be expensive
($4.50 per Mcf or,mpre), will require massive infusions of new capital (one
billion dollars or more per plant), and will require Substantial advancement
in technology. | '

C. Imports anq¥§ynthetic Sdurtes

The domest1c supply of natura1 ‘gas .can be augmented in the near-term
by imports and in the long-term by the gasification of coal, shale, or heavy
sulphurous crudes. * 'However, these sources will be costly and entail political
and technical r1sks

* The production of SNG (synthetic natural gas) from propane or
butane is considered to be more of a change in form, for trans-
portation and end-use purposes, than an addition to supply.
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IV. CONCLUSIONS

Under current conditions, the prospects for shortfalls in natural
gas supply are grave in the near future and continue for the rest of the
century. The nation must face squarely the costs and efforts required to
increase supplies from all sources -- new frontiers, imports, synthetic
gas, and unconventional gas. '

~ The promise of the first three sources is limited, at least in
the foreseeable future. While higher prices may stimulate frontier explora-

tion, gas production from this source will reqhire substantial passage of
“time. Imports are costly, increase the nation's strategic and economic vul-

nerability, and worsen the balance of payments. Coal, shale, and heavy- 0il
gasification are costly and rely on high capital-intensive technology that
is still under development.

To avert shortfalls in natural gas supply, it may be essential to
consider all of the available sources. This study provides information and
a research strategy for increasing domestic gas supply through one of the
more cost-effective of these sources -- unconventional natural gas.



CHAPTER THREE
TIGHT GAS BASINS

Part 1
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1. THE PROBLEM AND THE POTENTIAL
A. Background:

For more than a quarter century, 1arge quant1t1es of natural
gas have been known to exist in tight (Tow permeability) formations where
the gas flow is too low to support economic recovery under conventional
technology. The basins containing these formations stretch westward from
the Cotton Valley Trend in Louisiana, through Texas, to the Uinta Basin
of Utah, and north through the Northern GreatrP]ains’Province, crossing
the border into Canada. Declining natural gas production, higher gas prices,
and the advent of new recovery techno]og1es have rekindled interest in these
resources. '

Almost twenty years ago, this interest was the domain of nuclear
scientists. Théy posed that underground nuclear explosions could rubbelize
these formations and thus enable the gas to flow at commercial rates. Between
1967 and the early 1970's, three nuclear experiments were performed, with dis-
appointing results. In response to Tow recovery, high costs, and potential
environmental hazards, nuclear stimulation has been discarded.

In 1972 the Federa1 Power Comm1ss1on convened severa] task forces
to study the status and future potential of domestic gas supply. —/ ~The task
" force on recovery technology identified massive hydraulic fracturing (MHF)
as a prom1s1ng a]ternat1ve techno]ogy for deve1op1ng these Tow permeab111ty
reservoirs.

While by 197275ma]1 volume hydraulic fracturing* had become a.
we11eknown means bf‘stimulating production from low permeability formations,

* Hydraulic fracturing involves high- pressure injection of fluids
into the wellbore to fracture reservoir formation rock (creating
an enlarged pressure sink) and the use of proppants (usually sand)
to keep the fractures open to the flow of gas.
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the technology task force recommended that this approach be applied using
volumes an order of magnitude larger than was conventional. Such massive
fracturing was expected to stimulate production from basins and formations
so impermeable as to be ignored up to that time. Using the limited geo-
logic data available,* the task force estimated the potential from three
such "tight gas basins"** -- the Piceance, the Greater Green River, and
the Uinta -- at 600 Tcf gas in p]ace,g/ with 240 Tcf in defined areas and
360 Tcf in speculative areas. Overall, the task force estimated that
between 30 and 50% of the gas in place, or 180 to 300 Tcf, could be recover-
ab]e,§/ assuming a successful MHF technology and adequate prices.ﬂf

As a consequence of this study, a joint government-industry test
of MHF was conducted in the Piceance Basin in 1974. The results of this
test, although less promising than anticipated, demonstrated improvements
could be achieved in the rate of gas flow.§/ Since that time the technology
has advanced such that it is becoming standard practice in low permeability
but otherwise more favorable geologic formations, such as in the Wattenberg
Field (north of Denver),*** in several fields in the Sonora Basin in south-

west Texas, and in the Cotton Valley Trend in east Texas and northern Louisiana.

Despite these promising developments, the potential of the Western
Tight Gas Basins, the large land area that originally attracted attention,
remain undeveloped and unproved. The challenges posed by the difficult

*  Additional geologic and reservoir data gathered since 1972
have provided a basis for making more precise resource and
recovery estimates, as discussed subsequently in this chapter.

**  These three basins are referred to below as the Western
Tight Gas Basins. '

*** The stimulus for developing the Wattenberg Field has been
due to the technological foresight of AMOCO and the economic
incentives provided by the gas transmission companies in the
Denver Basin.
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geological setting';4;the deep; tight"lenticular gas pays -- have yet
to be overcome "Even in the ‘more’ geo1og1ca11y favorable -basins -- in.
the less t1ght or blanket type deposits -- fundamental: 1mprovements in
Vrecovery techno]ogy need to be pursued F1na11y, major opportun1t1es
exist for opt1m1z1ng the recovery techno]ogy and acce]erat1ng its app11-
cation. for recover1ng add1t1ona1 gas supp11es between now and 1990

0vera11 the Tow' permeab111ty format1ons 1nc1uded in the study
’ cover 13 major basins " The maJor geological and’ technological problems
that current]y 1mpede the deve]opment of these T1ght Gas Bas1ns and that~
‘ need to be overcome by R&D are summar1zed be]ow h ' ’

b. :Géblégi¢a1*Prob1ems*<"’"°’

Wh11e the ‘most popu]ar characterization of these basins is their
“t1ghtness", low permeab1]1ty is on]y one of severa] geo]og1ca1 prob]ems that
have Timited. commerc1a1 deve1opment for t1ght gas bas1ns A11 are marked by
general]y 1ow qua11ty net pays wh1ch are often h1gh]y d1scont1nuous or 1ent1cu1ar

\

”1>1; Permeab111ty

" Low in: S1tu gas- permeab111ty* is the. def1n1ng character1st1c of the
‘tight'format1ons . For this study, format1ons w1th din situ permeab1]1t1es of
less than 1. 0~mi]11darcy (md) .were considered as t1ght gas.sands. The forma-
~ tions discussed in- th1s ‘chapter.‘range in: permeab111ty from 1,0 md down to:0.001
md (one m1crodarcy,‘or ud) ,** with the vast majority of the formations being

* Permeability is the resistance of reservoir rock to the :
flow of gas under-reservoir -conditions of water satura-: -
tion and confining ‘pressure -- measured in m11}1darc1es “
or microdarcies (one thousandth of a m1111darcy)

** These are’ measured as in situ permeability. Under reser-.
voir conditions, overburden pressure and high water satu-
rations can reduce the relative gas permeab111ty within
the formation to values ranging down to six percent or
less of the permeab1T1t1es measured in the laboratory.6
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below 0.05md. (As the formation permeability drops below about 0.1 md,
recovery efficiency becomes h1gh]y sensitive to small changes in permea-
bility as shown by Elkins. -)

Permeability of the pay, however, appears to be an important
impediment rather than the central problem. The Wattenberg Field (Denver
Basin) with a broad, continuous net sand pay has permeabilities ranglng
from 5 to 50 microdarcies and. is being commercially produced. By contrast,
a Uinta Basin, Chevron well (No. 212) completed in the lower Mesaverde
lenticular pay encountéred permeabilities of 90 microdarcies,* almost twice
as high as the better portions of the Wattenberg, but failed to produce at
-even one-half the Wattenberg rates. It appears that low permeabi]ity combines
with the lenticular nature and low quality of the pay to pose the major cha11enge.

2. Lenticularity

The principal commercial successes in tight formations have been
in relatively continuous, "blanket" type sands. The sands in many of the
tight basins, however, are notably discontinuous -- the gas-bearing pays
consisting of uncorrelatable lenses within sometimes massive gross sections.
The effect is to 1imit well drainage area and to preclude recovery from sand
lenses not contacted by the wellbore. To illustrate, a square mile (640
acres) with typical reservoir characteristics** would contain approximately
32 Bcf of gas in place. With lenticular, discontinuous pay (having lens
dimensions typical of the Mesaverde of 20 feet by 400 feet by 6,000 feet),

* Based on computer s1mulat1on history match of actual
production data.

** Assuming following average characteristics: 100 feet
of net pay, 10% porosity, 45% water saturation, and
9,000 feet of depth.



and current field deuelopment practices (one well per section), a wellbore
- would be in contact with only 3 Bcf, or 9% of the sand lenses in the section.
Even if f1e1d spac1ng is reduced in half, two we]]s per section, these two
wells would be in contact w1th on]y 6 Bef, or about 18% of the gas-bearing
sand 1ens ‘ '

To dﬁte, MHF technology has been successful in lenticular formations
only where the individual lenses are large relative to the normal well drain-
age area or where the 1nd1v1dua1 1enses are deve]oped 1n conJunct1on with verti-
cally adJacent blanket format1ons

3. Pay Qualit :

In additionéto‘low'permeabildty and frequent 1enticu1arity, the gas
bearing portions of the tight_baSins are of low quality relative to conventional
gas formations. First, although the gross sections can be extremely thick, '
ranging from two to over f1ve thousand feet the gas bear1ng portions of such
segments -- the net pay -- may be only a few hundred feet.  Further, the net
pay may be dispersed in relatively sma]]_(tens of feet or less) strata inter-
bedded with clays and‘shales,» Second,‘thevpermeable,sand segments often con-
tain high levels of connate water that impede the gas flow in the fracture
system.* Third, the porosities of the net pay are low, generally in the range
of five to fifteen percent Loh'porosity combined with relatively high water
saturat1ons of 40 to 70 percent reduce the gas-filled porosities from levels
from 1ess than 3% to seldom over 9% F1na11y, the net pays in t1ght basins
often conta1n clays that swe]l when contracted by dr1111ng or fracturing
f1u1ds (un]ess these f1u1ds conta1n chem1ca1s to 1nh1b1t swe]11ng)

* The presence of water frequently confuses 1n1t1a1 testing
and interpretation of fractured wells. Water from both net
pay and adjacent strata inhibits production, until removed.
Except for extremely poor quality formations, the gas will'
ultimately push this water out of the well, but as long as
three to six months may be required before the well's pro-
ductivity can be accurately ascertained.
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C. Technological Challenges and Goals

’v” The ged]ogy and réseryoir characteristics of the tight gas_basins
impose some absolute limits on the amount of commercial recovery. The
Timited gas in place in a giVen'areai/vertical section, the 1entféu1ar,
discontinuous sands, and the fundamental reservoir characteristics are
immutable. The technological challenge is to exploit the limited opportunities
that 1ie within these constraints.

Meeting this challenge will requiré that‘fractqking‘technology‘_
evolve toward four major goals: .

e To stimulate all gas pay intervals exposed to the
wellbore by using multiple fractures from the
same well.

e To intersect, in lenticular formations, sand lenses
not initially in contact with the wellbore.

e To maintain an effe;tive]y propped fracture, thus
providing adequate fracture conductivity.

e To optimize the process and make economic the cur-
rently marginal and sub-marginal gas resources.

~ These technological goals appear to be within reach of a concerted
research and development effort. However, achieving them will fequire sub-
stantial R&D investments in resource characterization, testing, and demon- ,
stration. Joint federal-industry collaboration could accelerate this R&D

8/

and demonstrate its commercial application.~



D. Structure of the Analysis

‘The objectives of the analysis were to‘define the required

research and deve]opment that wou]d a551st in commerc1aiizing the tight

gas ba51ns

H

The ana1y51s foiiowed Six basic steps o*

Basic“Data: ~C011ect’and,ana1yze detaiied’geoiogicai

~ and engineering data on each of the identified basins. -

Base Case’ Technology: - Define the major problems and
~ constraints ‘that limit full exploitation of ‘these

resources by industry; ‘define the current and near-
term (next 5 years) techno]ogy and its application
w1thout federa] stimuius -- the Base Case

)

. ‘Advanced‘Case Technoiogy Deveiop R&D strategies for

overcoming current technical limitations and that
would acce]erate the deve]opment of the target baS1nS -
the Advanced Case technology 4 '

Economic Ana1y51s Simulate the production ‘and economics

of Base Case and Advanced Case technoiogies to estab]ish
the economic potential of the tight gas ba51ns

Sensitivity Ana1y51s _Repeat the economic ‘analysis under

;aiternative gas prices and techno]ogy assumptions to assess
'price and techno]ogy sen51t1v1ty B

Cost-Effectivenesst Compare:the‘dosts_of’the“R&D“programs

to theirfproduction~benefits to establish cost-effectiveness.

% Volume I1I contains a more detailed‘discussicn*of'the
methodology employed in each step.
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E. The Potential of the Tight Gas Basins -- Overview

1. The Resource Targets

The thirteen tight basins included in the analysis differ geo-
logically and in the.technological problems they pose. ‘To facilitate the
analysis, the individual basins were grouped into five categories (called
resource targets) having common geologic features:

e Western Tight Gas Basins -- the three basins that
were the original focus on the FPC study are deep,
generally very tight, and lenticular.

o Shallow Gas Basins -- the large land area of the
Northern Great Plains Province, characterized by
low productivity, is shallow and has a range of
deposits that vary from blanket to ]enticuTar.

e Other Tight, Lenticular Basins -- fully as tight as
the Western Basins, these basins tend to be somewhat
less deep and contain larger individual lenses.

e Tight, Blanket Sands -- deep and very tight, these
basins are favored by highly continuous, blanket-
type gas deposits.

e Other Low-Permeability Reservoirs -- these near-
conventional formations have special development
and engineering problems.
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2. The Gas In P]ace

These five resource targets conta1n cons1derab1e gas in place --
over 400 ch* -- distributed as follows: |

\ Gas in P1ace

;Target.r. Do (Tcf)

o Mestern Tight 176
‘o Sha]low Gas : | 74
' 1_2 Other T1ght Lenticular. L ‘12‘5]: s
. T1ght Blanket Sands , 94
. Other;Low—Permeab111ty'*r;_ 14
* TotAL 409

3. Current Activfty

‘ Some development, in the more favorab]e format1ons and segments,
s underway in each resource target. The largest amount of drilling has

" taken place 1n the Tight, Blanket sands, where the cont1nu1ty of the

gas pays 1mproves recovery. It is estimated that near]y one trillion cubic

. feet of gas were produced from the tight gas basins in 1976 Continuing

- advances in:the techno]ogy and 1mproved economics will fo$ter further deve-
Topment in the more favorab1e‘areas, as projected in the Base Case estimates.

4. Base Case Technology

4: ; Under Base Case techno]ogy - current and near term advances w1th-
out Federal R&D supp]ementat1on ?- the fol]ow1ng outcomes are proaected

* This estimate excludes gas in p]ace in proved and
speculat1ve areas
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e The tight gas formations could providefffbm 70 to

110, Tef of additional recovery, for gas prices
of $1.75 to $4.50 per Mcf* (Exhibit 3-1).

e The annual production rate could range from about

2 to over 3 Tcf per year by 1990 (Exhibit 3-2).

The contribution of the individual resource targets is shown

below:

Base Case, Recovery, and Production - Tight Gas Basins

e Western Tight
e Shallow Gas

e Other Tight,
Lenticular

e Tight, Blanket

e (ther Low-
Permeability

TOTAL

Ultimate Recovery

1990 Production Rate

* Price is stated in 1977 dollars and assumed maintained
in constant dollars through the period of analysis; for
example, a $1.75 price under 6 percent inflation would

@§71.75/Mcf  @%4.50/Mcf  @3%1.75/Mcf  8%4.50/Mcf

4 n
21 22

8 15
32 51
3 8
70 107

need to be $2.75 as expressed in 1985 dollars.

0.2
0.6

0.2
1.0

0.4
0.6

0.5
1.6
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Under Base Case technology, only about 15 to 25% of the total
tight gas resource in place is recovered, even at gas prices of up to
$4.50/Mcf. Relative to individﬂa] targets, the proportion of gas in place
recovered varies from 2 to 6 percent in the Western Tight Gas Basins,

34 to 54 percent in the Tight Blankets, and nearly 60 percent in the Other
Low-Permeability Basins. ‘

5. Advanced Case Technology

Intensive Federal-industry research and development could improve
the recovery efficiency and accelerate the development of the tight gas
basins. These advances, going beyond industry's plans in the absence of
Federal sponsorship, could add substantial amounts of recoVery from these
resource targets. Overall, under Advanced Case technology:

e The tight gas formations could provide from 150 to
190 Tcf ultimate recovery, about 80 Tcf more than
under Base Case technology (Exhibit 3-3).

e The annual production rate by 1990 could range from
6 to nearly 8 Tcf per year, about 4 Tcf per year
more than under the Base Case (Exhibit 3-4).

While the largest increases are in the geologically most challeng-
ing basins, Federal-industry R&D substantially improves and accelerates
recovery from all the resource targets, as shown below:



Additions to Annual Production Rate (Tcf)

.,

3-13

Exhibit 3-3

Ultimate Recovery from the Tight Gas Basins (at Three Prices)

187.7

o 181.5
180
160 }, 149.3
140 '
120
) .107.5

Additions to Ultimate Recovery (Tcf) -

I

0 "BASE ADVANCED] LBASEZA
k . $1.75/McF 0 $3,00/MCF A v 84 .50/MCF
Exhibit 3-4

Annual Prod uctlon from the Tight Gas Basms to the Year 2000
(at $1.75 and $3. OOIMcf) o o
$3.00 ADVANCED

" $1,75 ADVANCED
——4

$3.00 EAff

$1.75 BASE

1980 } 1985 1990 : 1995 2000
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Advanced Case Recovery and Production - Tight Gas Basins

Ultimate Recovery 1990 Production Rate
@ST.75/Mcf  034.50/NcF  @51.75/Mcf  0%4.50/Mcf
o Western Tight 38 53 2.0 2.7
e Shallow Gas 23 35 0.8 1.0
e Other Tight, Lenticular 23 24 0.7 0.7
e Tight, BTanket 59 66 2.5 2.8
® Other Low-Permeability _6 10 0.3 0.5
TOTAL 149 188 6.3 7.7

Under Advanced Case technology, from 35 to 45 percent of the
resource in place can be recovered, at prices of $1.75 to $4.50 per Mcf.
Substantial gains in recovery are possible in all resource targets. For
example, at $1.75 per Mcf, the recovery in the Tight, Blanket formations
essentially doubles, from 32 Tcf in the Base Case to nearly 60 Tcf in the
Advanced Case. In the more difficult targets, the proportion is still
larger. For the Western Tight Gas Basins, the Advanced Case increases
recovery from a base of 4 to 11 Tcf to a range of 38-to 53 Tcf, depending
on gas price.
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F. Summ mmary

, The largest total productlon from the tight gas basins would

"~ accrue. from a comb1nat1on* of higher gas prlces** and advanced technology.
At gas prices of about $3. 00 per Mcf,*** 180 Tcf of natural gas could
ultimately be recovered with substantial quantities, over 40 Tcf, available
~ between now and 19@0.

_ These f1nd1ngs are further dlscussed in the next four sect1ons
Sect1on II descr1bes the extent of the resource base and its maJor charac-
, ter1st1cs Sect1on 111 d1scusses the state-of the-art in massive hydrau11c
'fractur1ng and the poss1b1e d1rect1ons for 1ts 1mprovement through focused

‘:”Federa1 1ndustry R&D Sect1on Iv presents the overa11 results and d1scusses

the pr1ce-sens1t1v1ty of Base Case and Advanced Case est1mates Sect1on v
provides an overview of the federal- 1ndustry R&D strateg1es Part 2 of this
chapter contains the detailed" descr1pt1ons of the R&D strateg1es

. - - L - . ® fol o R T - . e o

*  The study of enhanced gas recovery exam1ned on]y three pr1ces --
$1.75, $3.00, and $4.50 per Mcf -- and an optimum research pro-
gram for a given price. It did not seek to estab11sh the opt1mum .
price or opt1mum comb1nation of pub11c R&D and pr1ce -

**. The term "price"; used in the paper, serves to summar1ze any
comb1nat1on of :economic  incentives such as: ‘market- price, tax..
provisions, pub11c subsidies, .etc.; that can be expressed 1n e
"price to-the public® equivalent terms. by

**% A $3.00 per Mcf .gas - price-would be equ1va1ent to 1mported
fuel 011 assum1ng a 20% premium d1fferent1a1 ‘
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IT. THE RESOURCE BASE

The tight gas resource base consists of twenty basins, grouped
into five resource targets. The Federal Power Commission's analyses in
the early 1970's focused attention on three -- the Greater Green River,
the Piceance, and the Uinta -- referred to below as the Western Tight Gas
Basins. Subsequent Federal-industry collaboration has focused on these,
with the somewhat later addition of the shallow, tight gas basins in the
Northern Great Plains Province. In addition to the four basins, sixteen
additional basinsgf have been identified as haVing'permeabi]ities too Tow
to permit economic recovery by existing, conventional'techno1ogy. Of these
twenty basins, thirteen were included in the present study; seven basins were
eliminated from the analysis due to insufficient data (Exhibit 3-5).

A.  Approach to Describing the Resource Base

Data on the tight gas resource base were collected by teams of
reservoir engineers and geologists who had previously worked in these
basins.* The highest data collection priority was assigned to the four
basins in which joint Federal-industry research is underway.**

The analysis rests of detailed reservoir characteristics and
well performance data sufficient to support reservoir engineering, and
computer-based simulation of gas in place, production, and economics.

* Appreciation for data collection is expressed to the following
organizations and individuals: Sandia, Inc.; CER Geonuclear,
Inc.; C.K. Geoenergy, Inc.; Gruy Federal, Inc.; Mitchell Energy,
Inc.; the Godsey-Earlougher Division of Williams Brothers
Engineering, Inc.; the Bartlesville Energy Research Center; and
independent geologists Gene Foss, Tom Beard, and Alan Hansen.

** See Volume III for description of the data collection procedures.



Exhibit 3-5
( o - ‘Location of Major Tight Gas Basins

'S P Y GEQLOGICAL ARFA

A." GREATER GREEN RIVER BASIN ' TERTIARY AND CRETACEQUS
B. PICEANCE BASIN * TERTIARY AND CRETACEOUS
'C. UINTA BASIN TERTIARY AND CRETACEOUS
'D. ' NORTHERN GREAT PLAINS CRETACEOUS
PROVINCE ,
E. WILLISTON BASIN CRETACEOUS
b 1. BIG HORN BASIN TERTIARY AND CRETACEOUS
-~ "2, COTTON VALLEY TREND CJURRASSIC
3. DENVER BASIN | CRETACEOUS
4. DOUGLAS CREEK ARCH CRETACEOUS .
5. OUACHITA MOUNTAING " MISSISSIPPIAN
" PROVINCE o ~
6. SAN JUAN BASIN® - " CRETACEQUS * -
7. SONORA BASIN . PENNSYLVANTAN
8. WIND RIVER BASIN ., TERTIARY AND CRETACEOUS
-PERMEAB L [TY
) ) a. ANADARKD BASIN = PENNSYLVANIAN
D ‘ : S " b. ARKOMA BASIN PENNSYLVANTAN
‘ . ‘ ¢. FORTH WORTH BASIN PENNSYLVANIAN
d. RATON BASIN © - ' TERTIARY AND CRETACEOUS
- K e. SNAKE RIVER DOWNWARP TERTIARY AND CRETACEOUS
f. WASATCH PLATEAU CRETACEOUS '
9

. WESTERN GULF BASIN * TERTIARY AND CRETACEOUS

SOURCEs U.S. ERDA, WESTERN GAS SANDS, : ' A ;
PROJECT PLAN, 8/1/77 - S ,

LL-¢
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A1l available public data -- in published documents and in
computer data banks -- pertaining'tojthe tight gas basins and the target
geologic ages were accumulated. These were supplemented by well-location
maps and well test data from state and industry sources. Detailed analysis
of logs, core data, outcrop studies, and production histories served to
complete the basic data used in the analysis.

These data provided the basis for dividing each basin into homo-
geneous sub-basin areas. These reservoir characteristics and geologic
interpretations were reviewed with local geologists and with gas production
firms active in the basins. The disaggregated units were placed into a
reservoir data file and formed the basic units of analysis for assessing
technica] and economic recovery. In all, 622 areal/vertical units (reser-
voirs) in 13 basins were defined and analyzed.

B. Classification of Low Permeability Basins

Tight gas basins vary substantially in their inherent geological
and technological problems. To facilitate the economic analysis and the
planning of R& programs, the basins were classified into homogeneous
resource targets. Three basic geologic features were used to develop the
classification: ‘

e Permeability. Basins were classified according to

the average initial in situ permeability to gas of

the major deposit. Formations with permeabilities'
greater than 1.0 millidarcies were regarded as com-
merical and were excluded from the analysis of tight
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gas formations.* “Formations having permeabilities
between 1.0 md and 0.05 md were considered "rela-
“tively tight" and those with average'permeabi]ities
less than 0.0slmd‘aé "very tight". The preponde-
rance of the major gas pays ana1yied‘jn thisketudy
were found to be very tight. o

° Qgpth Due to the substant1a11y d1fferent eng1neer-
ing prob]ems associated with shallow versus deep '

fr formations; formations less than 2500 feet deep were
. categorized as: shallow, those over 2500 feet as. deep.

e Lenticularity. Sand dfséohtindity eppearé to be the

s1ng]e most severe geo]og1c problem that must be over-

come. Thus, the bas1ns were classified as lenticular
- or."blanket- type" accord1ng to the nature of the major
. .formations.. ... '

Us1ng these three geolog1c cond1t10ns f1ve c1asses of bas1ns,;
referred to as resource "targets“, were estab11shed 4

‘ ;1; “Western T1ght Gas Basins’ ”"the‘thPGE‘bas1ns,7Greater B
Green River, Piceance, and Uinta that originally -
F‘Aattracted‘the attention of the FPC. taSk force.

2. 'Shallow Gas Depos1ts --»the sha1low, 1ow production = - -
'747format1ons ‘of-the” Northern Great P1a1ns Province and ‘
~“the W1111Ston Basin. s o s

~* Such formations are assumed to be 1nc1uded in the
ana]ys1s of proved and 1nferred reserves presented ,
in Chapter Two. .
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3. Other Tight, Lenticular Gas Sands -- Sonora, Douglas
Creek Arch, and the Big Horn basins.

4. Tight, Blanket Gas Sands -- the Denver, San Juan,
Wind River, Cotton Valley basins, and the Ouachita
Mountain Province. '

5. QOther Low Permeability Reservoirs -- the Bruckner-
Smackover formatiohlof the Cotton Valley Trend.

The tight gas basins initially identified but not included in
this analysis due to insufficient data were the Anadarko, Arkoma, Forth
Worth, Raton, Snake River, Wasatch, and Western Gulf basins.

C. Current Industry Activity in the Target Basins

Nearly all the tight basins have more favorable areas or formations
where substantial development has been or is underway. While data on proved
reserves at the basin level are not available, production data are reported
by various state agencies and provide a valuable index of current industry
activity in tight gas sands. This historical development, as well as industry's
tests in the more difficult formations, provide a useful baseline for assessing
industry's future activity.

The production data shows that the tight gas formations already
produce substantial amounts of gas. Exhibit 3-6 shows the number of wells
and annual and cumulative production in the latest reported year (1974 or
1975) for the target basins. These figures apply only to non-associated
1as production from the target formations.
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Exhibit 3-6

-~ Recent Production from the Tight Gas Basins - -

TARGET/BASIN

WESTERN TIGHT GAS SANDS . .. . .

" ENDOF

PRODUCING

Greater Green River
Piceance
Uinta

* SUBTOTAL
SHALLOW GAS BASINS

Williston and Northern .

Great P1a1ns:

OTHER TIGHT LENTICULAR

Big Horn

Jouglas Creek ... ... . -

-Sonora
| SUBTOTAL

TIGHT BLANKET GAS

Cotton Valley Trend .
Denver

Quachita

San Juan

Wind River

SUBTOTAL

“YEAR- - MWELLS. -
1974 155
1975 46
1974 - 172
o 373
1974 27
975 1,258
1975 . . 1,266
1975 640
1974 0
1974 2,413
1974 - 2
R 4,371

OTHER LOM- PERMEABILITY AT e el

'RESERVOIRS -
Cotton Valley Sour

TOTAL

* Texas cumulative product1on from 011 Scouts 1974 Yearbook

1975

"f,,“s 606.

174

" ANNUAL (Bcf)

CUMULATIVE (Bcf)

S

and Texas RRC Annua] Product1on of 0il and Gas, 1975

N

“PRODUCTION - _PRODUCTION
43 410
3 68
7 127
63 605
e 135
2 40
o A4 126
| 108 . 462
R < 629
-, 189 7,663
ool 113
.0 0‘
187 2,604
O VAP, At}
444 10,594
- 105 577
{:zizf" 12,540
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Of a total of over-700 Bcf .in annual production from the target
basins,* the Tight Blanket and Other, Low Permeability formations contri-
buted over 70 percent. Their generally favorable geology would have sug-
gested'this outcome. Four.of thése'bgsins, théfDenver; San Juan, Sonora -
Basihs, and Cotton Valley Trend are where fracturing technology has had
the most extensive application. Together, these account for over 500 Bcf
per year. The geologically and technologically'most difficult areas, the
Western Tight Gas Basins and the Shallow Bésins, iogether contribute less
than 100 Bcf per year despite theik-vast land areas and considerable gas
in place.

The review of current industry activity“suggests'that'breakthrough
R&D is most essential in the Western Tight, Shallow and Other Tight, Lenti-
cular Basins. ‘

In the Tight, Blanket and Other, Low Permeability Basins, the R&D
would be first directed toward stimulation technology and accelerated field
development. As field development moves beyond the more favorable areas and
formations, toward the less favorable margins of these basins, the technologi-
cal problems will increase and will require the R&D breakthrough gained from
the more difficult basins.

D. Scope and Areal EXtent of the Resource Base

Exhibit 3-7 lists the thirteen basins and the formations within
them that were analyzed. The discussion of the resource base and the

* These data are now 3 to 4 years old. Given the considerable
drilling that has taken place in the tight gas basins since
1975, annual production in 1977 is estimated at about 1 Tcf.
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Exhibit 3-7
~ Target Formations in the Tight Gas Basins -

P

1. WESTERN TIGHTS ©~  © 3 ‘OTHER TIGHT LENTICULAR
 a. Green River g 'Big Horn
} Y. Ft. Unfon - © 1. Mesaverde
2. :'AImond A Pl N cL ) . P
3." Almond B ~ b. ’ Douglas Creek
4. Erickson , . - o
5. Rock Springs/Blair T Py Mancos
6. Other Mesaverde . 2. Dakota
b.. Piceance  ~ i 0 uE S iUcl Sonora
1. - Ft. Union ' 1. Canyon.

2. Corcoran-Cozette
3. Other Mesaverde
_— © e .o o <4, TIGHT BLANKET
“C. Uinta ' R ' ’

c ... .-a. Cotton'Valley "Sweet" :.
1. Wasatch ) )
2. Barren'.. om0 .1, Cotton: Val]ey Sand Trend
3. Coaly - ’ S 2. 'Gilmer ‘Lime
4, Cast]egate :
N b. Denver
L2, SHALLOW GAS ) S 1 Sussex:
S AR IR .~ 2. "Niobrara
a. Northern Great P]ains . 3 Dakota
' 1. Judith R1ver ' c. 0uach1ta
. 2. Eagle
<223y 1Carlisle S TR . . 1. Stanley
4, Greenhorn/Front1er :
i : PR I B ~di -San Juan Ly
b. Wi]liston Ces g o

, ‘ T s et 20t Daketa, i
1. Judith River S : ’

2. Eagle : ‘ e.. Wind River

3. Greenhorn g
: i - 07771, Frontier

YR F a2 Muddy.‘

P Y

e }; Cotton Valley "Sour" 1¢

1., Bruckner/quckover' ‘

R VOTHER LOW PERMEABILITY - ©



3-24

analysis of its potential relate explicitly to:these basins and forma-
tions.* The scope of the analysis is further limited to undeveloped

areas of these basins, yet where exploration and gas shows indicate

likely future potential. The gross areal extent of each basin was cate-
gorized in a scheme des1gned to be consistent with the reserve classifica-
tion system of the Potential Gas Committee— 10/ and the well classifications
of the American Association of Petroleum Geologists. / Four classes of
acreage were defined for each basin:

1. Proved acreage -- within the defined perimeter of exist-
ing fields.

2. Probable acreage -- extensions of exiSting fields and
obvious corridors between fields where the direction of
recent drilling suggests the fields will ultimately merge.

3. Possible acreage -- areas outside proved or probable
acreage where the subject formations have had gas "shows"
or production but no multi-well fields have developed.

4. Speculative acreage -- areas in:-which drf]]jng through
the subject formations has yielded no show of gas and
areas where no drilling has taken place. '

.* This analysis ne1ther includes nor extrapolates to all domestic
tight gas basins or formations. It represents, rather, a major
sampling of such formations. Additional basins -- including the
seven that have been identified but lacked sufficient data --
and additional formations even within the basins analyzed may
represent additional potential. The size of the potential of
the basins and formations not analyzed cannot be assessed without
substantial additional data collection, but the problems and con-
straints that affect their commercial development are highly likely
to parallel those in the analyzed basins. While the R&D strategies
aimed at developing the target basins actually analyzed may stimu-
late the development of other basins and formations, the potential
of the tight sands in the present analysis is limited to the forma-
tions listed on Exhibit 3-7.
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v To avoid "double-counting", proved acreage was excluded from
- the analysis. These proved areas were presumed to be included in the
current AGA reserve estimates. ’

Specu]atiVe‘acreage was also exc]udedifroh'the analysis. Such
‘acreage is analogous td the basins and formations that were excluded for
reasons of insufficient data. The absence of wells with gas shows argues
that too Tittle is known about these areas to support detailed analysis.

With these two exclusions, the aréa ana1yzed'having at least
definable gas shows becomes incremental to present proved areas‘—F the
~ Probable and Possible categories. To account for the fact that vast areas
are seldom fully successful when drilled, each acreage classification was
weighted by the historical drilling success ratio for the states in which
the basins lie to yield "anticipated" acreage.* Probable areas were weighted
by the success rates for developmental drilling. Possible areas were
weighted by the average of within-field exploratory wells and rank wildcats.
Exhibit 3-8 shows the anticipated productive area of each of the basins in
the aﬁa]ysis,, :

_ Thus, the scope of the analysis includes only those areas (having
adequate‘data and containing gas incremental to current proved reserves)
that are anticipated to be developed given appropriate technology and
economics. o ' ’

* Ant1c1bated acreage is roughly ana]ogdds to “exbected"
acreage except that only point estimates of the means
~(no d1str1but1ons) are. ava11ab1e ' :



Exhibit 3-8

Anlicipated Areal Extent of Tight Gas Basins

PROBABLE AREA* ‘POSSIBLE AREA* ANI?Z’;}, rED*
TARGET/BASIN Area(Mi?) Weight {%)** Area(Mi?) Weight (%)** AREA(Mi®)
WESTERN TIGHT
Green River 454 78 416 25 » 870
Piceance 395 78 460 25 855
Uinta v __699 78 291 25 996
SUBTOTAL 1,547 1,173 2,720
SHALLOW GAS :
Northern Great Plains 3,660 60 13,900 21 © 17,560
Williston 0 . 60 6,520 - 21 6,520
SUBTOTAL 3,660 20,420 24,080
OTHER TIGHT LENTICULAR :
Big Horn : 81 78 680 25 761
Douylas Creek 252 78 nz7 25 3by
Sonora 890 85 1,070 31 1,960
SUBTOTAL 1,223 . 1,867 - 3,090
‘TIGHT BLANKET T | o
Cotton Valiley (Sweet) 1,225 78 1,026 29 2,251
. Denver 3 1,966 74 625 : 20 2,591
Ouachita 0 70 113 13
San Juan - 266 93 564 1 . B30
Wind River 82 78 383 25 465
SUBTOTAL 3,539 2,711 6,250
OTHER LOW-PERMEABILITY v ’
Cotton Valley (Sour) . 569 78 642 29 . 1,21
TOTAL 10,538 26,813 © 37,351

* After application of anticipated success ratios
** Success ratios developed from American Association of Petroleum Geologists data

‘.

9¢-¢
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E. Reservoir Characteristics '@

| The reservoir characteristics of the basins and formations
“included in the analysis are displayed in Exhibit 3-9. They suggest

. several conclusions. . The first is that the geological problems described

in the‘introductory section of the ana]ysis are c]ear]y demonstrated:

/ .

e The in s1tu gas permeab111t1es of the major. forma-
tions rarely exceed 100 microdarcies (0.1 milli-
. darcy). Outside of the shallow basins, the few
higher permeabilities represent the relatively
small, most favorable geographic areas.

e In the'erea'where the net paykis greatest,fthe pay
is also‘highly disdontinuous, or 1entiéu1ar.
e All the basins are marked by Tow gas-f1]1ed poro-/

sities (high water saturat1on with Tow -porosities).

* Given these conditions, it is not surprising that industry has
only deve]oped the most favorable port1ons of these basins and directed
its activity 1nverse1y in relation to the severity of the: geology

The Western T1ght Gas Basins, where there is 11tt1e current

‘,act1v1ty, are beset by the most severe comb1nat1on of geo1og1c constra1nts ae B

iisﬁentwu]amty coup1ed with great depth very Tow permeab111ty, and low gas-
_‘f111ed porosities. The Tight Blanket Sands, in which there is substant1a1 -

“current activity, have blanket-type sands and somewhat better pay sect1ons -

fuh1gher gas- f111ed poros1ty and lower clay content ‘

.\_s



JARGET/BASIN

MESTERN TIGHT GAS SANDS
1. Greater Green River

2. Piceance

3. Uinta

SHALLOW GAS BASINS

1. Northern Great Plains
and Williston

OTHER TIGHT LENTICULAR
GAS_SANDS

1. Big Horn .
2. Douglas Creek Arch

3. Sonora

TIGHT BLANKET
GAS_FORMATIONS

1. Cotton Valley “Sweet”

2. Denver

w

. Ouachita
. San Juan
.~ Wind River

(S

OTHER LOW PERMEABILITY
GAS FORMATIONS

1. Cotton Valley "Sour"

AREAL
UNITS

36

25

32

27

10

10

5

FORMATION

Ft. Union

Almond A

Almond B

Erickson

Rock Springs/Blair
Other Mesaverde

Ft. Union
Corcoran-Cozette
Other Mesaverde

Wasatch
Barren

-‘Coaly

Castlegate

Judith River

Eagle

Carlisle
Greenhorn/Frontier

Mesaverde

Mancos
Dakota

Canyon

Cotton Valley Sand
Gilmer Lime -

Niobrara
Sussex
Dakota

Stanley
Dakota

Frontier
Muddy

Bruckner-Smackover

Exhibit 3-9

Reservoir Characteristics of Tight Gas Formations

DEPTH
€53)

5700-9000

8000-10,700
8000-10,700
8400-11,400
9700-12,500
9000-12,700

5000
6000
6900-9100

6500
7500
8500
9500

600-1600
1800-2000

1500
2000-2600

22851/

2845-4045
7545 :

6000-7000

9000
11,000

2300
4460
8000

4600-9000
7180

1
1441
2529I;

12,000

1/ Data as reported -- considerable portions of these formations
are much deeper, e.g., 4000-6000 feet

2/ Canyon lenses are very large relative -to the drainage area and
substantially broader than the other lenticular formations

P

GROSS
INTERVAL
ft

500-2680
400-500
400-500
350-400
1500-2500
2150-5000

600

50
800-2200

500
500
500
250

30-50
30-60
30-50
30-50

645

2400
72

600

1100
350

67
50
50

6000-7200

173

153
100

900

IN SITU GAS-
. GAS FILLED
NET PAY NATURE OF PAY PERM. POROSITY
{ft.] {nd) %)
21-625 Lenticular 1-50 3.4-5.0
9-20 Blanket 9-50 4.1-4.5
18-45 Lenticular 9-50 4,5-5.4
35-68 Lenticular 7-20 4.1-5.4
19-80 Lenticular 7-8 4,1-5.4
28-164 Lenticular 1-9 3.4-4.5
18-44 Lenticular 3-27 4,0-5.2,
10-38 Blanket 8-75 4.2-6.1
40-275 Lenticular 3-60 3.6-5.4
43-156 Lenticular 66-600 4.4-5.8
43-156 Lenticular 30-270 3.8-5.0
43-156 Lenticular 10-90 - 3.2-4.2
25-75 Blanket 3-30 2.6-3.4
8-20 Blanket 17-1000  5.2-13.7
3-25 Blanket 17-10,000 7.4-12.2
4-10 Blanket 10-900 5.4-7.1
3-29 Blanket 17-2700 5.4-7.8
110-275 Lenticular 13-120 6.6-8.7
120-300 Lenticular 7-60 4.8-7.5
4-9 Lenticular 10-90 3.6-4.7
30-103 Lenticular?/ 8-84 4.4-6.3
35-88 Blanket 3-30 4,0-5.3
20-50 Blanket 3-30 5.6-7.4
11-28 Blanket 3-30 2.6-3.5
11-26 Blanket 3-30 3.6-4.7
14;34 Blanket 5-50 4,0-5.3
186-465 Blanket 1-5 3.7-5.1
35-88 " Blanket 10-90 5.8-7.6
20-50 Blanket 33-300 6.5-8.5
10-25 Blanket 1-9 8.8-11.6
18-44 Blanket 44-400 8.0-10.5

RESERVOIR
PRESSURE
ps

3150-6334
4200-6200
4200-6200
4400-6500
5000-7200
5850-8250

2100
2600
3000-3400

2795
3225
3655
4275

270-680

' '800-900

670
900-1130

1100 .

437

1100
2100-2700

6000
5400

950
1500
2900

1700-2200
3090

550
1000

5600

RESERVOIR

TEMPERATURE
B

135-194
180-215
180-215
186-231
206-248
194-220

135
145
160-170

175
195
214
233

80-85
90-100
85

100

95

120
240

145

250
280

110
185
260

148-160
222

99
109

290

8¢-¢
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The s1ng1e lTenticular basin that has exper1enced apprec1ab1e _
deve]opment -~ the Sonora Bas1n -- is favored by 1arge lenses that approach
the dimensions required to support economic productivity from a single
well. Knutsenlz/ has. estImated that a typical 1ens 1n the Tertiary and
Mesaverde sections of the: Western Basins might have. area] d1mens1ons of
400 feet wide by 6, 000 feet.long, or a tota1 area of about 55 acres. The.
typical dimensions of a lens in the Sonora Basin might be about 1 300 feet
by 3,800 feet,. approximately: 110 acres. Doubling. of the expected lens size
(and hence drainage area) mitigates the lenticularity.constraint.*  Thus,
the severity»of“the§1enticu1arity problem is .largely:a function of the geo-
metry of the 1enses:and of the degree to which lenticularity is associated
with other geo]ogiclprob]ems. Basins with broad lenses would be nearly as
commercially attractive as blanket sands, other factors being equal.

"“The data show that the Western Tight Gas Basins contain at least
one blanket-type gaé'formation. The occurrence of a "stack" of sands or
formations presents the dpportunity'for-mu1t1p1e MHF . treatments, each of’
which need to cover only s]1ght1y more -than: marginal fractur1ng costs to
Just1fy economic deve]opment R : ‘

The final‘observation ié‘that the reseerff pafémeters; even"
~within given formatfons, vary significantly. The ranges’shown‘represent
the sections of the formations that are not "dry", but have at least
shows of gas. Permeability varies by an order of magnitude.or more.

S

* As discussed later, the length to width ratio is also: -
important in the effectiveness of the MHF treatment.
Typically, this ratio is about 15:1.for the Western
Basins, but only“about 3:1:in:the Sonora Basin. .
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Gas-filled pofosity (porosity times gas saturation)‘varies_by a factor
of two or more. Net pay thickness varies by a faétor of two to thirty.

Such variability can be observed even within the relatively
narrow confines of adjacent townships of a proved field with a blanket
formation, as have been shown in the Wattenberg Field (Denver Basin).1§/ ’
Even greater variation can be éxpected in lenticular sands.*

These geo]ogica]‘Variabilitieshand’uncertéinties have deterred
many producers from'attempting commercial development. Federal-industry
R&D involving improved measurement and resource characterization could
reduce these uncertainties.

F. Expected Gas In Place

Exhibit 3-10 shows the expected gas in place for each of the
basins and targets derived from combining the 622 analytic units. (reser-
voirs). Together these units cover forty thousand square miles and con-
tain over 400 Tcf in place. The Western Tight Gas Basins as a group have
the largest amount of gas in place -- 176 Tcf, or 43% of the total. The
Tight Blanket Formations are the next largest, at 94 Tcf, or 23% of the
total.

* At present, the quality of the pay in a particular area
can only be known after drilling and testing the well.
With the current limitations on the accuracy of avail-
able measurement, testing procedures, and devices as
applied to very tight formations, even testing the well
fails to remove all uncertainty. Producers in many
cases must fully complete the well, including costly
MHF stimulations, apply all available measurements and
tests, and produce the well for considerable time to
evaluate the reservoir characteristics in a particular
segment of the basin. Even then, they can seldom
generalize this evaluation to nearby areas.
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"TARGET/BASIN ~
WESTERN TIGHT
Green River

Piceance
Uinta'

SUBTOTAL -

SHALLOW GAS
Northern Great Plains
Williston

SUBTOTAL

OTHER TIGHT, LENTICULAR‘,,
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Exhibit 3-10

 ANALYTIC

TOTAL ANTI IPATED

* EXPECTED GAS IN

Big Horn
Douglas Creek -
Sonora

SUBTOTAL

TIGHT, BLANKET GAS
Cotton Valley (Sweet)
Denver o :
Quachita
San-Juan
" Wind River.

SUBTOTAL

OTHERVLON-PERMEABILITY O

Cotton Valley (Sour) =

TOTAL .

* Totals may not adddue to rounding = <--

T

UNITS

216
75
128

49

68
40

RESTT

0
10

25

,AA?320ii;
1T
10
65 .

AREA (Mi€)

870
- 855

.'17 560
6,520
28,080

- 761
369
1,960

3,000

5027
2,501 .

e
830 "

465

PLACE (Tcf)*

91
36
50

176

53
21

74

24
3
24

51

53
19
5.
15
3

94
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The gas in place estimates from this study contrasted with
the FPC study conducted 1in 197215/ for the Western Tight Gas Basins.*
(The other basins were not analyzed by the FPC task force.) The areas
and gas in place estimates for the three Western Tight Gas Basins are
shown in Exhibit 3-11. The total acreage included in the two analyses
- is comparable, but the present study p]aces'the gas in place estimate
at less than 30 percent of the FPC's initial estimate. Two major factors
account for this:

e Recent drilling and analysis shows that the net pay
of fhe tight formations is substantially smaller
than estimated by the FPC Task Force. The task force
estimated net pays for the various formations ranging
from 500 to 1000 feet. By contrast, as shown in
Exhibit 3-9, recent drilling has found these forma-
tions to have yet pay thickness ranging from 200
to 500 feet, less than one half that initially esti-
mated by the FPC.

e Recent well data shows that the gas saturations and
porosities (gas-filled porosities) are lower than
estimated in the FPC study. While direct comparison

_is not possible, the task force estimated only one
formation with the gas-filled porosity less than 4.2%,
while, as shown in Exhibit 3-9, the present study
found many at levels lower than this.

* Although the relationship between the categories usa2d by
the FPC study and the ones employed in the present study
are not exact (and a direct translation from the FPC cate-
gories and the Probable and Possible categories used here
cannot be made), the overall area studied is comparable.
The FPC report classified the acreages into three categories:
"Essentially proved because of good well control"; "Inferred
to be productive from geological 1nterpretat1on", and "Has a
geological basis for being productive but 1s untested and
must be considered speculative".
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Exhibit 3-11
¢ omparison of FPC 1972 Estimates to Present Stud+
Estimates—Areal Extent and Gas in Place for Western
Tight Gas Basins - .- :

FPC* _Present Study
Area Gas In .. Area. - 'Gas in

- (Sq. Mi) Place (Tcf) (Sq. Mi) Place (Tcf)
GREATER GREEN RIVER |
Category 1 140 37.1

Category 2 ' . 500 108.4
Category 3 ' 500 94.5
TOTAL 1,140 240.0 870 90.5
PICEANCE
Category 1 550 - 103.2
Category 2 650 » 103.9
TOTAL 1,200 207.1 855 35.5
UINTA |
Category 1 300 101.6
Category 2 s - 200 47.5
CTOTAL 500 149.1 . 9% 50.2
GRAND TOTAL | o 2,840 496.2 2,720 176.2

*FPC, National Gas Survey, 1973,‘Vqlf;II,~p;=95. 77}1;’fgif“;'l';‘ o
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»

Thus, this study'sl1ower;gas in place estimate arises from
thinner net pays and lower gas-filled porosities.* ‘

The expected gas in place estimates by themselves, however,
can only suggest the size of the potential for recovery. The amount
of this gas actually produced is a function of recovery technology and
economics. The next section appraises the major technological issues
in recovering'gas from these basins.

* The exclusion of speculative acreage from the present
study caused the total areas analyzed in the Greater
Green River and Piceance Basins to be considerably:
smaller in-the present study than in the FPC study
(76% and 71%, respectively), while additional drilling
and research in the Uinta Basin between 1972 and 1977
have resulted in acreage increases to almost double
that used in the FPC analysis. Thus, the total area
considered by the two studies is comparable.
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III. TECHNOLOGICAL CHALLENGES AND GOALS

A.  Requirements for Commercialization

The geo]ogy and reservoir characteristics of the tight gas
basins 1mpose some abso]ute 11m1ts on the amount of commercial recovery.
The 11m1ted gas in place in a ‘given areal/vertical sect1on, the lenti-
‘cular, d1scont1nuous sands, ‘and the fundamenta] reservoir characteristics -
are immutable. The chal]enge is'to 1mprOVe gas recovery techno]ogy and
adapt” 1t to spec1f1c geo]og1c sett1ngs ' o

E,DOJng thls‘successfully-requ1res: (1) detailedjonderstanding
of the geology and reservoir characteristics of the tight gas basins;
and (2) improved field development and well stimulation technology.

This section discusses the two tools available to the reservoir
engineer -- geological measurement and stimulation technology -- and then
exam1nes ‘the four key R&D problems that current]y ‘constrain the deve]opment
of the t\ght gas bas1ns o B

B. :The Avai]abTe'Too1S'>*}’

. Measurement ‘and Character1zat1on of the Resource’

o Effect1ve des1gn of f1e1d develooment and we11 st1mu]at1on pro-
grams for ]ow permeab111ty bas1ns requ1res a 1eve1 of understand1ng of N
the resource vast]y greater than for convent1ona1 bas1ns Espec1a11y o
pressing is the need for 1mproved ab111ty to d1fferent1ate net pay within

huge gross sect1ons, greater prec1s1on 1n evaluatlng the qua11ty of the
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net pay, measurements of rock strength and stress characteristics, and
understanding of the geometry and orientation of gas-bearing lenses in
lenticular formations.

. The importance of the resource‘characterization goal is directly
related to the severity of the geq]ogica] problems besetting each basin.
In the most difficult basins, e.g., the Western Tight and the Shallow Basins,
progress in resource characterizationjis/a critical prerequisite,to improv-
ing and applying the technology. In basins with more favorable geology,
improved recovery technology becomes dominant, as demonstrated by the V
intelligently applied trial and error approach used in the Tight, Blanket
Sands.* ' D

2. Stimulation Technology

The objective of the gas recovery technology in tight gas basins
is to create an effectively propped, vertical fracture that intersects the
net pay for considerable distances (sometimes up to 1500-2500 feet) in each
direction from the wellbore. This fracture is created by high pressure
injection of fluids -- water, gels, foams, or combinations -- through the
well perforations into the formation.rock. The fracture fluid carries and
deposits solid particles (the proppant) to keep the fracture from closing
when the injection pressure decreases} The fracture creates an enlarged
pressure sink to all exposed gas pays, possjb]y c0£ting:acros$ the less
permeable horizontal bedding planes, and prbVides a re]ative1y direct,
high permeability channel to the wellbore. -

* In the Wattenberg field, for example, the major onerator
incrementally increased the size of the fractures used
until larger fractures no longer improved well performance.
Once this point was reached, the majority of the future
stimulations were standardized at this fracture size.
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The effectiveness of the fracture depends on the extent to

which it intersects the gas-bearing sections and remains open to the

gas flow.

Exhibit 3-12 shows isometric and plan views of typical frac-

~tures and the flow path of gas from the matrix, to the fracture, and
into the wellbore.

Three key’variab1es need to be considered as part of stimula-

tion technology:

Fracture height and fength. EffectiVe MHF stimulation

-~ depends- on the distance the fracture remains in gas-

bearing strata. Economic stimulation depends on expend-
ing minimum funds in fracturing non- product1ve zones

adjacent to the net pay Fractures with excessive ratios
of he1ght to 1ength or which tend to rise or fall out of

~ the gas zone will be ineffective and uneconomic. Thus,

- 1mprqved ability to design the fracture treatments and

control their height and shape are essential for full

. commercial application.

Conductivity. Not only must the fracture expose the net

pay, it must remain open to gas flow. The ability of the
gas to flow depends on the permeability contrast between
the rock,matrix_and'the\fracture. To the extent proppants
crush,-compact;for,imbed in the fracture -- or fail to
reach the'fu11,extent‘of'the fractUrer-- this contrast is
Tost and the effectiveneés of the fracture is reduced.
A]though generally not a prob]em in sha]]ow format1ons,
the greater overburden pressures of format1ons deeper

than ‘about 8 000 feet necessitate 1mproved proppants

and procedures for placing them in the fracture.
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Exhibit 3-12

Isometric and Plan Views of Typical Fractures

'VERTICAL
FRACTURE
/
,/ -
7 ISOMETRIC VIEW
/ v
/
j/ WELLBORE e
7 SOURCE: Ron G. Agarwall, Evaluation
~ of Fracturing Results in
Conventional and MHF
Applications, SPE,
February 28, 1977.
PLAN VIEW*
R
. FRACTURE __
WELLBORE—/ [e— st —*
(HALF-LENGTH) >
- DRAINAGE AREA

*Arrow denotes flow path.

SOURCE : Lloyd E. Elkins, "The Role of Massive Hydraulic Fracturing in Exploiting
Very Tight Gas Deposits, "Natural Gas for Unconventional Geologic Sources,

National Academy of Sciences, Washington, D. C. 19/0.
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e Multiple Fractures. Economic exploitation of many of
the basins will require that several iintervals of a
massive gross section be fractured from-the same well,

- particularly when a single interval or formation must
share drilling and operating costs with other forma-
tions to be commercial. On-going field research has
already advanced the technology to enable some such
multiple completions, but as the number, size, depth,
and vertical d1spers1on of the treatments 1ncrease,
add1t1ona1 1mprovements in we11 completion equ1pment

“and st1mu1at1on techn1ques may be requ1red

( The current stimulation tools are adequate for producing the near
commercial "Other Low Permeabi]ity’Basins“ and the more faVorable'portions
~of the "Tight, B]anket Sands" In these two areas, the R&D program should
focus on opt1m121ng f1e1d development and we]l st1mu1at1on techno]og1es to
yield h1gher recovery efficiencies, to obtain economic recovery from the

less favorable (now uneconomlc) segments, and to accelerate the rate of
development. In the baSiné,with,more severe geo]ogieal»problems, substan-
’tia1 improvements over current.gas recovery technolpgy are required.

. ~The requ1red techno]og1cal improvements appear to be w1th1n
reach of a concerted program of research, development, and demonstration.
- However, the 1arge costs of such a program and the cons1derab1e uncer-
tainties surround1ng the resource base argue that producers or serv1ce o
compan1es,_act1ng s1ng]y, may under-1nvest in the R&D requ1red -to advance
the techno]ogy 15/ - A-collaborative Federa] ~industry program appears to be
| required for fu]]y cOmmerc1a]121ng these bas1ns ‘ : ’
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C. Analysis of the Technological Challenges

The requirements of commercializing the tight gas basins form
the research and demonstration goals for enhanced gas recovery. To pro-
vide a plan for the immediate, first steps, the R&D must address four
key questions:

o What are the exact reservoir properties of the
tight gas basins?

e To what extent can the entire net pay in the
massive gross intervals of the tight gas sands
be stimulated and produced from the same well-
bore?

e Is it possible in lenticular formations for
massive hydraulic fractures to intersect sand
lenses not initially in contact with the wellbore?

e What other significant improvement in tight gas
recovery would make the resource commercial in
the near-term?

The importance of these four basic questions is discussed below.
The analysis uses an "exemplary" tight gas reservoir* and a single phase,

* Reservoir characteristics of the Tight Gas Formations
used in the sensitivity analyses:

Depth of Well 9,000 feet Final Fracture
Net Pay Thickness 100 feet Conductivity 300 md-ft
Fracture Height 400 feet Propping Agent 20-40 Mesh Sand
Drainage Area 160 and Producing Life 30 years
320 acres Fracture Gradient 0.7 psi/ft

Flowing Bottom Hole Porosity 10 percent

Pressure 1,000 psi Water Saturation 55 percent
Reservoir Temperature 200°0F : Initial in situ .001 to .10 md
Gas Gravity 0.6 (air=1.0) permeability (to gas) o
Original Fracture Initial Pressure 4,500 psi Q‘,

Conductivity 2,400 md-ft
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finite d1fference reservoir s1mu1ator to ascertain the impact of research
outcomes on economic exp]o1tat1on of the resource.

1. What are the exact reservoir propertles of these
t1ghtggas basins? . :

In the t1ght gas sands, the geo]ogy and reservo1r propert1es
dictate the Timited techno]og1ca1 interventions that can be applied. This
makes it essential to know how these key propert1es affect. aconomic recovery
and in which range they become most restrictive. Br1ef1y, assuming adequate
gas pay th1ckness is ava11ab1e, the depos1t1on of . the pay, its permeability,
and its gas f111ed poros1ty dom1nate a11 other propert1es

a.  éand'beposftioh

* The most dominant.feature»is the sand deposition, either blanket-
“type or lenticular, and if lenticular, the dimensions of the sand lenses.
-The following examp]es illustrate these.concerns:

e Using the,reservoirfproberties of: the example
formation (at 5 ud, 320 acre spacing, and'a
-1000-foot fracture), -a blanket sand of 100
feet would produce about 8 Bcf per well, but
- a 1ent1cu1ar sand body (100 feet net and dimen-
sions of 400 feet wide by 6000 feet long) would
j'produce less “than 2 Bef per we]l this* is because

 -Vthe dra1nage area exposed to wel]bore 1n a lenti-
cular pay is less than 20% of that ava11ab1e to

. _a_we]lbqre in aﬁpIanketﬁpay,/as;gymmar1zed below.
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: Blanket Sand Lenticular Sand

Single Well Drainage Area 320 acres 55 acres -

Gas In Place

-- Total per 320 acres 16 Bcf 16 Bcf
-- In contact with wellbore 16 Bcf 3 Bef

30 Year Recovery Per Well 8 Bcf <2 Bcf

e The critical dimension of the lenticular pay is
its width rather than its length. The simulation
analyses show that increasing lens width by 50%
(to 600 feet) increases recovery by nearly 50%,
but increasing lens length by 50% (to 9,000 feet)
adds only about 5% to recovery in the economically
most critical first ten years.

The second feature of sand deposition is the dominant orienta-
tion of the sand lens and the extent to which this parallels expected fracture
azimuth. The impact of their relative orientations can be striking:

e If the relationship between the fracture orienta-
tion and the azimuth is random, a fracture designed
for 1000 feet of penetration (half length) will
remain in the example lens for only about 420 feet
(Exhibit 3-13). )

e When regional tectonic forces are essentially per-
pendicular to lens direction, effective fracture
half-length is limited to 200 feet (one half of
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Exhibit 3-13

' - Analysis of Effective Frrac'turie‘Haklf-l.ength

1000 ==g—— —

800 —f—— —
600 T———-
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200 me — o — — — —— — e —
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the width of the lenses), and unless other lenses
can be intersected, fractures designed larger
than this are wasted.

e However, should the fracture azimuth parallel the
sand lens, effective fracture length could reach
the full 1,000 foot of design, and in tight (5 nd)
sands, gas recovery would be twice that in the
random orientation case and three times that in
the perpendicular case.

b. Permeability

The critical point of permeability appears to be about 10ud
(or 0.01 md). At 10 ud, a 1000-foot fracture on 160 acre spacing in a blanket-
type sand, would yield 30 year recovery efficiency of about 68% of the gas in
place. As permeability increases by an order of magnitude, to 100 nd, reco-
very increases by less than one-fifth, to about 80% of gas in place. As
permeability decreases by an order of magnitude, to 1 ud, recovery decreases
by nearly two-thirds, to about 25% of gas in place.

Since the work by Thomas and Ward,l§/ it has been recognized
that conventional laboratory permeability analysis overstates the in situ
conditions by an order of magnitude or more in tight formations. The dis-
tortion is greater at lower permeabilities -- precisely the condition that
shows the greatest effect on recovery efficiency. Only a small error in the
lower range could spell the difference between a highly promising formation
and one that is economically infeasible.
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c. Gas Filled Porosity

| "Thefamountgof gas filled porosity has direct and compounding
effects: it is Tinearly related to gas in place and it directly effects
recovery efficiency. Using the typical tight formation discussed earlier,
recoveries were compared for gas filled poros1t1es of 4.5 percent (total ,
porosity of 10 percent with 55 percent water saturat1on) and 2 percent
(total poros1ty of 8 percent with 75 percent water saturation). The
effect of the -lower gas filled porosity was to reduce total gas recovery
in the lower- qua]ity section to.less than 20% of that achieved in the
higher quality section, from 8 Bcf to about 1.5 Bcf per we]]

Lower gas in p]ace accounts for about one-half of the reduc-
tion and lower recovery efficiency compounds the problem.. Thus, even
slight overest1mat10n of gas f111ed poros1ty* could render an apparent]y
~ promising reserv01r uneconomic. ' o

2. To what extent can the entire net pay in the massive
intervals of the tight gas sands be stimulated and
produced from the same wellbore?

Many of the tight basins are characterized by massive sections
'conta1n1ng numerous gas-bearing ‘intervals or by the occurrence of numerous,
discrete gas formations "stacked" one over another over a span of thousands
of feet. .Under ex1st1ng pract1ces often less than one third of the sand
is completed and stumu]ated In the Western Tight and chaﬂow Gas Sands,
. no s1ngle 1nterva1 may ‘be productlve enough to be commerc1a1 on its own,

* Moreover, since 1n the t1ght gas sands there appears

to be a direct correlation between porosity and per-
- meability, the effects of lower poros1ty in actua] :
- practice-could be even more dramatic. s
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yet several in combination could be economic. This requires multiple
massive fracturing treatments through a common wellbore. As the number,
size, and vertical dispersion of the treatments grow, it may,require:

e Improved casing, cementing, and well completion
practices. ‘

o (Cost-effective means of stimulating multiple inter-
vals without damaging the production string.

e Advanced stimulation techniques to maintain the
massive induced fractures in their intended pay
intervals. '

‘ Should multiple completions with numerous MHF prove to be techni-
cally ineffective, much of the potential of the Western Tight, Shallow Gas,
~and Other Tight, Lenticular formations would become economic only at the
higher ($3.00-$4.50 per Mcf) gas prices.

Assuming that MHFs in multiple intervals can be successfully placed
through the same wellbore, there still remains the challenge of stimulating
as much of the quality gas pay in the formation as possible. The objective
of the R&D program would be to stimulate 80% of the quality pay in the
formation.

3. Is it possible in lenticular formations for a massive
fracture to intersect sand lens not initially in con-
tact with the wellbore?

While considerable argument can be marshalled on each side of the
question, the field tests to date provide little evidence either way to this
vital question.
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A -comparison of performance between 60 small fractures (100
to 300 feet) and 6 larger (500 to 1,000 feet) fractured showed only an
insignificant improvement*in«anticipated gas recovery for the larger
fractures. However, given the relatively small length and the low sand
~ shale ratio (from 20 to 40 -percent), the larger fractures had only limited
probability of intensecting additional lenses.

If a fracture will not enter lenses other than those initially
encountered by the wellbore: numerous small fnactures»appearatb'provide
an optimum approach. However, should-a large (1,500 to 2,000 foot) frac-
ture be able to intersect additional lenses, the effect can be dramatic:

L At,a:retenof 1.additional lens (for each
< lens seen at the wellbore), the initial 10 year -
recovery would be about 70% higher than for the
sing1ef1ens; thel]arger fracture might add nearTy.
1. Bef df additional recovery during this time, in -
the example formation.

e At the probalistic estimate of. two additional
- lenses (for each lens seen at the wellbore)
‘§nitial 10 year recovery would be more than‘double.
“+ than for the single lens and might add 1.5 to 2 Bcf.
4. What other sfgnificant improvements in tight gas
recovery should be pursued for accelerating com-
' merc1a11zat1on of the t1ght gas bas1ns?

Beyond the -above research .questionsy numerous add1t1ona1 oppor-
tunities should be pursued for opt1mum, economic exp101tat1on of these
‘ t]ght;sands * _Of these, five stand out: ’

* As in any scientific d1sc1p11ne, major advancements
in measurement and reservoir ana1ysws capability must
parallel all technological advances.
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Designing the optimum size fracture with respect to any
given set of geological conditions. Exhibit 3-14 shows
that long fractures (1500 feet) are effective in low,
1 ud to 10 ud, blanket sands but contribute little to
recovery efficiency over short fractures (500 feet) in
the higher permeability sands (50 ud and higher).

Ensuring adequate fracture conductivity, particularly
through the use of higher sand concentrations and new
proppant materials (e.g., bauxite).

Engineering optimum fracture height, particularly in
relation to the available net pay and desired length.
Exhibit 3-15 shows the relationship of fracture height
and length (when using a high quality fracture fluid)
and how unnecessary height impedes effective fracture
length at any given volume of fluid.

In blanket sands, well placement, given fracture azimuth,
determines the shape of the effective drainage area. At
higher permeabilities, 0.1 md and greater, square drain-
age patterns with relatively short fractures were most
efficient, while at lTow permeabilities rectangular patterns
with long fractures are most efficiently drained (Exhibit
3-16).

Establishing optimum field development in relation to
sand deposit. Since only the lenses connected to the
well (or to the fracture) can be drained, it may be
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Exhibit 3-14

Re~overy Efficiency as a Function of Fracture Length an
Permeability (Assuming 30 Year Production Life)
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Exhibit 3-15

Relationship of Fracture Volume, Fracture Height, and
Fracture Half-Length Using A High Quality Fracture Fluid . .

CREATED FRACTURE HEIGHT (FT)

100 200 300 400
500

600

700
800

900
1000

100,000 200,000 300,000 400,000 500,000

Volume of Frac Fluids (Gals)



S Year Recovery | o

. 20

3-51

Exhibit 3-16

o Slmru'laftert.i fwenty Year Recovery for Three Drainage Shapes
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necessary to use substantially closer sbacing in forma-
tions marked by long, thin lenses. Closer spacing, com-
bined with multi-lens fractures; could be the key to
recovering substantial portions of the gas in place in
these basins.

D. Summary of the Technological Challenges and Questions

In summary, several important technological questions must be
answered if massive hydraulic fracturing is to become commercial in any
but the most geologically favorable areas. The solutions of any of these
problems, however, await improved resource characterization and evaluation
and a fuller understanding of how the new stimulation technology will
actually perform. For all but the "cream" of the tight basins, resource
characterization, technology improvements, and demonstrations of these new
capabilities must occur in sequence, each establishing a knowledge base on
which the next is designed and tested.

The next section converts this broad view of the technological
challenges into the concrete analytic terms used to analyze the economic
potential of the tight gas basins.
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IV. THE POTENTIAL OF THE TIGHT GAS BASINS ~
A. Approach -

. The preceding,seqtions have describedfthe,tight,gas resource
base and the level of technology required to-exploit it. - This section .

estimates the amount of gas that could be economically recoverable under

alternative technological and, economic assumptions. Three elements are
essential for estimating this potential: ’

] Technologx Two. setsgofAtechno]ogicat;ossumptions
were- prOJected ~

- Base Case the 1eve1 of the technology B
- expected to be atta1ned by 1ndustry dur1ng
the next f1ve years wi thout act1ve federal
- involvement.... . - . A P

-~ Advanced Case: the 1eve1 of the techno]ogy
expected to be atta1ned by v1rtue of active
_.federalrlndustry'co11aboratlon.v4V

° Gas Product1on. The ana]yt1c un1ts 1n the resource
base were deve]oped and produced us1ng a reservo1r
's1mu1ator and deve]opment model

'0"ECOnomics Each‘analyt1t unit was evaluated using
~ actual field deve]opment costs, return on cap1ta1
requirements and at three gas pr1ces = :
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1. Base and Advanced Technology Cases

The Base Case reflects the current state of the art of MHF
technology plus anticipated advances in the next five years. The assess-
ment of current technology was based on on-going field tests and discus-
sions with industry's leaders in massive fracturing. The conclusions drawn
from these steps were consistent with the results of a survey of key finan-
cial and technical managers of 92 companies in all phases of the gas
industry.lzj ’ !

The Advanced Case represents evolutionary technological advances
that hold reasonable promise of being achieved through focused R&D. The
projection of technological advances draws on the theoretical analysis and
laboratory tests of.the leading gas recovery experts and on preliminary
pilot tests by the most prominent MHF practitioners. \

Exhibit 3-17 displays the major technological elements and how
they differ between the Base and Advanced Cases. The salient parts of
this Exhibit are summarized below.

e Resource Characterization. The Advanced Case assumes

all formations are eligible for economic testing; the
Base Case assumes industry's interest would be con-
fined to areas and formations that have been demon-
strated to have favorable geologic characteristics.

The Advanced Case assumes lower dry hole rates stemming
from accelerated resource definition and improved geo-
logic an reservoir measurement technology.*

* Numerous additional advances are achieved through the
resource characterization efforts, but these are pre-
requisite to the other differences shown, e.g., ability
to make and interpret measurements required for more
effective and efficient field development and well sti-
mulation, acceleration of development in less defined
areas, and reduced risks. These differences are reflected
in items listed under technology, economics, and develop-
ment in Exhibit 3-17.



Exhibit 3-17
Summarv of Major Differences Between the Rase and

STRATEGY/ITEM
e Eligible Formations
_® Dry Hole Rate

- Lenticular
- Blanket

TechnoTogx
® Fracture Height~ -

e Fracture Length {one way)

- Shallow gas sands -
- Near-tight gas. sands
- Tight gas sands

e Fracture Conductivity.

e Field Development
- Lenticular

- Blanket

e Net Pay Contacted

- Lenticular gas sands

-- 320 acres drainage
‘== 107 acres dra1nage
- Blanket = =

Economics’

® Cost of Dellvered Fracture
® Risks - refTected in dtscount

rate of

Development

® Start Year for Dr1lling
- Probable Acres
- Possible Acres

e Development Pace
- Probable Acres
- Possible Acres

e

Advanced Case—Tight Gas Basins

BASE_CASE

Limitéd to those demonstrated to be
geologically favorable

303

20%

& x et pay Timit 600" (200" minirum) "

00t

Décreases; with depths u§1ng current

f{‘ proppants -and methods

s 320 acreS/wel] (2 we]]s/section)””

160 acres/we1] (4 we1ls/sect1on)‘ ~

100% -

203
2%
1978

1987

17 years to completion
17 years to completion

500" - A -
- 1000 G

ADVANCED CASE
A

- 20%

0%

3 X net pay 11m1t 400'
(]50‘ m1n1mum)

500"
500" - - D
1500 Co T

(With improved proppants
and methods maintaining
adeqUate‘conductivity)

107 acres/we11 (6 we]]s/

section)
160 acres/weIT (8 wells/
sect1on)

y

802

100%

100%:.

16%

1981 (RD&D effect begins)
1987

13 years to completion
15 years to comp]etlon

co-t
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e Technology Advancement. The Advanced Case assumes
improved ability to design and control the fractures

and to increase their intersection of widely dis-
seminated gas pay. In lenticular formations, spacing
is reduced and fractures are assumed capable of inter-
secting net pay lenses not encountered at the wellbore.
This combination of advances would increase the propor-
tion of net pay in a section in contact with a wellbore
from 17% to about 80%.

e Cost and Economic Criteria. In the Advanced Case, the
fracture is assumed to achieve the engineered level of
performance, up from 80% effectiveness in the Base Case.

Improved capacity for predicting the technology, as
demonstrated by successful pilot tests, would reduce
industry's‘risk premium from the present 26% ROI*
(after tax) to a more conventional level of 16% ROI
(after tax).

e Acceleration. The Advanced Case assumes accelerated

application of the technology and timing of field deve-
lopment. The initial technological advances are esti-
mated to become effective in 1981.

The differences between the Base Case and the Advanced Case set
the goals of the joint federal/industry program and are discussed at more
length in Section V and in Part 2.

* ROI = Return on>Investment.y,
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2._kStmu1ated:Expected Production'

A single phase, finite difference reservoir‘simulator; was used

- to estimate gas production and recovery from the individual formations and
areal units. It was developed at Texas A8M University by Drs. Steven A.
Holditch and Richard Morsel—- (described in further detail in Volume III)
and was validated, dur1ng the study, against field data and other simulation
mode]s used 1n the product1on industry.

The gr1d pattern of the simulator consists of 300 cells (20 x 15)
and uses a fine breakup near the wellbore and along the fracture and small
time steps, as sma]] .as .001 days, to provide accurate simulation of the
early. trans1ent f]ow perlods The model uses a direct solution technique --
a]ternat1ng d1agona1 matrix inversion -- for solving the equations that
' _descr1be a fractured reservoir.

The reservo1r simulator was modified to 1nc1ude two important

h phenomena that occur in tight gas reservoirs. First, the effects of non-
Darcy flow on the well performance were incorporated using pUblisheddcor-

" relations to simulate pressure gradients under non- Darcy flow conditions.

The second modification was to simulate 1ncreas1ng closure pressure on frac-
ture conduct1v1ty If sand is used as a propping agent fracture conductivity
may decrease by an. order of magn1tude dur1ng the 1ife of a we11 - Adjustments
were made that exp11c1t1y account for proppant type, proppant concentratlon,

" the format1on embedment pressure, the va]ue of the least principal stress,

and the f]ow1ng bottom ho1e pressure '

* Gratitude is expressed to Dr. S. A Holditch and his staff at
Sovere1gn Eng1neer1ng, Inc., for conduct1ng the numerous ana]yses
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This model was used to simulate the performance of each forma-
tion and each areal unit in the resource base. Where more than one for-
mation was vertically adjacent, and could be produced by multiple comple-
tions, the gas production was individually calculated and then combined.

3. Economics

A net present value (discounted cash flow) model was used to simulate
the economics of production.* The unit of analysis'was a well and its drain-
age area representing a specific areal unit. The areal units for which the
discounted net cash flow exceeded zero were deemed economfc and developed,
according to the timing mode1.

State-level drilling and completion costs were drawn from the API/
AGA Joint Association Survey of Costs.lg/ Well stimulation costs were pro-
vided by major service companies. Surface equipment and operating costs were
developed from studies by Gruy Federal, Inc.gg/ Dry hole and exploration costs
were functions of drilling and completion costs and the areas involved. Taxes,
royalties, burden rates, and accounting procedures were drawn from actual appli-
cations in each region. All costs were varied as a function of depth and geo-
Agraphic region. Constant 1977 dollars were uéed throughout the analysis.

The analysis was conducted for three gas prices -- $1.75, $3.00,
and $4.50 per Mcf. Where the well, representing a specific areal unit, was
found to be economic, it was extrapolated to the full unit. Each area was
assumed to be deve]oped according to a fixed schedule. The better defined
(Probable) areas were assumed to be developed first, followed by the less
well defined (Possible) areas. '

* See Volume III for additional detail.
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B. Technica]]y Recoverab]e Gas ’

Sett1ng the pr1ce constra1nt aside and ana]yz1ng the formations
under the Advanced Case techno]ogy provides an estimate of technically
recoverah]e-gas* -- a useful benchmark for subsequent analyses.

- Exhibit 3;18 displays the technically recoverable gas from each
of the five resource targets. Exhibit 3-19 shows the same information
in graphical form: ’ ‘

o.;0vera11, s]ightly less than half of the gas in place is
‘technically recoverable in 30 years under Advanced Case
technology.

‘e The 30 year recovery efficiencies differ substantially
;among theiresource targets,tranging from 38 to 82 percent:

-~ The geolog1ca11y more favorable targets -- the T1ght
Blanket and Other Low Permeability targets -- have
techno1og1ca1 recovery -efficiencies of 70 to 80 percent.

== The geologically more difficult targets -- the Western
Tight Gas Basins, the Shallow Basins, and the Other
Tight,'LentiCUlar Basins -- have technoldgica1‘recoverye
eff1c1enc1es of about one- half these 1evels at 40 to -
50 percent '

:‘The technica]]y recoverab]e gas provides a useful benchmark for
assess1ng the benefits of lifting econom1c constra1nts and 1mprov1ng tech-
no]og1ca1 performance -~ For the Advanced Case, 1t represents a 11m1t of
what can be rea11st1ca11y expected
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Exhibit 3-18

Gas in Place, Technically Recoverable Gas, and Techhical
Recovery Efficiency—Tight Gas Basins

TECHNICAL
TECHNICALLY RECOVERY
TARGET/BASIN GAS IN PLACE RECOVERABLE  EFFICIENCY
(Tcf) ~ (Tcf) (%)
WESTERN TIGHT |
Greater Green River 90.5 35.5 39.3
Piceance 35.5 12.1 34.1
Uinta 50.2 - 18.0 35.8
SUBTOTAL 176.2 65.6 37.2
SHALLOW GAS
Northern Great Plains 53.4 ) 18.4 34.4
Williston 20.9 16.5 79.2
SUBTOTAL 74.3 34.9 47.0
OTHER TIGHT, LENTICULAR
Sonora 23.9 15.8 66.3
Douglas Creek 3.3 0.3 8.5
Big Horn 23.4 7.8 33.5
SUBTOTAL 50.6 23.9 47.2
TIGHT, BLANKET GAS
Cotton Valley (Sweet) 67.1 49,7 74.1
Denver 18.5 13.0 70.5
Quachita 4.9 1.4 28.6
San Juan 15.0 12.0 79.9
Wind River 2.7 1.0 36.5
SUBTOTAL 108.2 77.1 71.3
OTHER LOW PERMEABILITY
RESERVQIRS
Cotton Valley (Sour) 13.8 9.9 71.7

TOTAL ’ 423.1 211.4 50.0
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Exhibit 3-19

Comparison of Gas in Place and Technically Recoverable
~ Gas—by Tight Gas Resource Target
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C. The Base Case Estimates

. Base Case production estimates, at the three gas prices of
$1.75, $3.00,uand $4.50 per Mcf, represent the amount of recovery that
can be anticipated from the tight gas basins without advanced technology
and without a federally sponsored research and development program.

1. - Ultimate Recovery

. In terms of ultimate recovery,* the Base Case for the tight
gas basins shows:

e About 70 Tcf is recoverable at a gas price of
$1.75 per Mcf.

e An additional 30 Tcf, for a total of 100 Tcf,
can be recovered at $3.00 per Mcf.

e Raising the price from $3.00 to $4.50 increases ulti-
mate recovery by 8 Tcf, to a total of 108 Tcf.

e At $3.00 and under Base Case technology, industry
will recover about one-fourth of the gas in place.

Industry efforts are expected to be concentrated in the geologi-
cally more favorable basins (Exhibit 3-20).

* Recoveries were estimated based on thirty-year well life.

C
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Base Case Ultimate Recovery—by Tight Gas Resource Target
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o >At‘$3.00 per Mcf, the Tight, Blanket formations are
anticipated to produce more than 50 Tcf, or about
three-fourths of the technologically recoverable gas.

e By contrast, at this gas price, the Western Tight
Basins produce less than 10 Tcf, or only about 14
percent of the technologically recoverable gas.

o The remainingktargets vary between these extremes.

These results po1nt up three 1mportant conc]us1ons First, on]y
a very small portion of the ultimate potential of the geologically d1ff1cu1t
lenticular basins will be developed under Base Case technology. Development
of such targets requires substantial resource characterization and technologi-
cal advance -- well beyond the levels assumed in the Base Case.

Second, even in the geologically favored targets where considerable
industry activity is projected, the amount of recovery can be improved through
Advanced Case technology.

Third, ultimate recovery in the Base Case shows considerable sensi-
tivity to gas price. The estimates for the Western Tight Basins, the Other
Tight, Lenticular Sands, and the Tight Blanket Formations show sizeable price/
supply sensitivity between $1.75 and $3.00 per Mcf, but little sensitivity
beyond $3.00. The Other Low Permeability Sands show sensitivity between $3.00
and $4.50 per Mcf; the Shallow Basins show practically no price sensitivity
in the Base Case. The overall price/supply sensitivity is greatest between
$1.75 and $3.00 per Mcf.
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2. Production Rate

While ultimate recovery is a valuable indicator from a total
resource perspective, many of today's concerns center on: “How much
additional gas can we produce in 1985 or 1990"?

Exhibits 3-21 and 3-22 show that the total Base Case production
rate from the tight gas basins rises gradually from 1979 to a peak of 4.0
Tcf per year by 2000.*

- e The Tight, Blanket basins provide over one-half
 of the total production rate -- nearly 1.6 Tcf
per year in 1990 and 2.0 Tcf per year at their
- peak in 1995, at $3.00 per Mcf.

‘e The contribution of the other four targets
becomes significant after 1990, equaling the
contribution of the Tight, Blanket basins.

The cumulative recovery curve (at $3.00 per Mcf) shows that only
about 20 Tcf of the 100 Tcf of ultimate recovery could be produced by 1990.**
This argues that ‘acceleration as well as increased recovery should be the

goals of federally sponsored research and'deve1opment.

3. Improving on the Base Case

While 1mportant quantities of gas can be recovered from the tight
gas bas1ns, even under Base Case technology and without a federally sponsored
research and development program, the analysis of technical recovery eff1c1ency
and the status of the~technology show that major improvements are feas1b1e and
should be pursued through advanced techno]ogy

ok These estimates are incremental to current tight gas

product1on from proved reserves.

ok By 1995 and 2000, cumulative production is about 40 -

and 60 percent of the ultimate, respeet1ve1y
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Exhibit 3-21

Base Case Annual Production to the Year 2000 (at $3. 00/Mcf)—

by Tight Gas Resource Target

OTHER LOW-
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Exhibit 3-22

Base Case Cumulative Production to the Year 2000 (at $3.00/Mcf)—
by Tight Gas Resource Target
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VD. The Advanced Case Estimates

The impact of the Advanced Case technology -- achieving the
resource characterization and technology goals of the joint Federal-

~industry R&D strateg1es -- was analyzed at the same three prices. The

difference between the Advanced Case. and Base Case 1s the 1ncrementa1
product1on st1mu1ated by a successfu] R&D program

L ‘Ultimate Recovery

Under Advanced'Case technology, almost 150 Tcf is projected to
be ultimately recoverable at $1.75 per Mcf. Raising the gas price‘to\$3 00
/per Mcf for all the basins would yield another 32 Tcf, raising total recovery
to above 180 Tcf (Exhibit 3- 23) " Further increasing the price to $4.50 per
Mcf adds on1y about 6 ch ‘ ‘

: : Under Advanced Case techno]ogy and at $3. 00 per Mcf about 43 per-
cent of the gas in p]ace cou]d be recovered. This contrasts with the Base
Case where at the same pr1ce, about 24 percent of the gas in place is
econom1ca11y recoverable ‘

.

As shown 1n Exh1b1t 3- 24 the increase 1n recovery is not propor-
t1ona1 across a11 targets, although s1gn1f1cant benef1ts are ava11ab1e from
a]] ‘ s ' ) :

: fo The 1argest benef1ts are those in the geolog1ca]1y
. d1ff1cu1t Western T1ght Gas Bas1ns At $1. 75 per
Mcf the Advanced CaSe u1t1mate recovery 1s a]most
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Exhibit 3-23

Ultimate Recovery from the Tight Gas Basins (at Three Prices)
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Exhibit 3-24

Ultimate Recbvery from the Tight Gas Basins—by Tight Gas
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nine times the Base Case estimate. At $3.00 per
Mcf, the Advanced Case ultimate recovery is over
five times the Base Case estimate and yields
recovery of about three-fourths of the technically
recoverable gas.

For Shallow Basins,'the'gain'due,to the AdVancéd
technology at $1.75 per. Mcf is only about ten per-
cent. Raising the gas price to $3.00 per Mcf,
however, crosses the price thresho]d of the tighter'
portions of these‘basins, leading to a 50 percent
increase in anticipated ultimate recovery and yie]d-
ing almost 90 percent of the technologically recover-
able gas. The Shallow Basins require both higher

prices and technological improvements to increase
production.

In the Other Tight, Lenticular Basins, the Advanced
technd]ogy makes practically all the technologically
recoverable gas economic at $1.75 per Mcf. These
basins pointedly show how improved technology can

substitute for economic incentives.

The Tight, Blanket Sands respond to changes .in
both price and technology. Advanced technology
nearly doubles the projected ultimate recovery at
$1.75 per Mcf. At $3.00 per Mcf, it adds over 25
Tcf and exceeds 85 percent of the technologically
feasible recovery.
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e The Other Low Permeab111ty Reservoirs show a small
1ncrease for the Advanced Case at $1. 75 per Mcf, but
a doub]1ng of the Base Case estimate at $3.00 per
 Mcf. Under ‘the Advanced Case and at $3.00 per Mcf,
| near]ylall the technologically recoverable gas would
- "be produced In these reservoirs, the price mechan1sm
and R&D can be mutua]]y support1ve Federal strategies
for 1ncreas1ng gas supply.

2. Production Rate ‘
' Exh1b1ts 3-25 and 3 26 show the tota1 annual and cumulative produc-

tion from the Advanced Case as we]] as the 1ncrements over the Base Case, at
$3.00 per Mcf. '

Total prbduction rises'rapidly due to acceleration of field develop-
ment and improved recovery. “Annual production reaches a peak in 1990 at 7.7
Tcf per year and declines slightly after that time to 7.2 Tcf in 1995 and 6.8
in 2000. This peaking. is due to the‘rapid development of the Western Tight
and Tight, Blanket Sands. ~Annual production from the other targets continues
to expand throughout the per1od to 2000.

° ‘Under‘Advanced Techno]ogy at $3.00 per Mcf, the
tight‘gas'basins can make a significant contribu-
" tion to the nation's overall demand for gas, pro- -
 viding 4 Tcf in 1985 and nearly 8 Tef in 1990. = . -~

‘ ’:0“?The CUnu1ative'recovery curve (at $3.00 per Mcf)
. shows that 45 Tcf, or almost one-quarter of the
u1t1mate recovery, can be produced by 1990
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Exhibit 3-25

Annual Production to the Year 2000 (at $3.00/Mcf)—by Tight
Gas Resource Target

OTHER 'LOW-
7.1 PERMEABILITY
v / ,, RESERVOIRS
, TIGHT, BLANKET |
GAS | '
TOTAL P y 1 OTHER TIGHT, LENTIQLAR
ADVANCED | ‘I SHALLOW GAS
CASE \ v TIGT |
1
(3.8)
i
s
/{ . I
i
{
I
1980 1985 1990 1995 2000
Exhibit 3-26
Cumulative Production to the Year 2000 (at $3.00/Mcf)—by &
Tight Gas Resource Target ﬁéfo
o¥
S
\) ol
o'«e;@p o \O”
& &
«"66 4\“6.
e
P ot
/’ &
g

(45) b \

1380 1985 1990 1995 2000

\N
7

\



3-73

E. Well Requiremeﬁts

‘ Exhibit 3 27 shows the number of new wells requ1red in each
resource target under Base and ‘Advanced Techno]ogy at $1.75 and $3.00
per Mcf.

In 1976,japproximate1y 7400 successfu1~ohshore gas development
wells were drilled, exc]dding all exploratory wells, all oil wells, and
all dry ho1es |

} | As the supp1y of natura] gas fa]]s beh1nd the need, it is reason-

‘ able to assume that drilling capac1ty will expand It has been estimated= 21/
that the growth 1n;onshore dr1111ng capac1ty could be sustained at 10-15 per-
~cent. between now aﬁd 1995. Since the drilling requirements in the tight gas
basins would use on]y 10 to 20% of projected capacity, as shown below, well
requirements shou]d not pose a constra1nt on reaching- the projected produc-
tion 1evels | ‘

¢

Dr1111ng Capac1ty Requ1rements of the T1ght Gas Basins

v . e ,Requ1rements as
Annual Drilling - , o Percent of Total

Growth Rates - _ 1990 1995
R S R 30 2
0% S 23 14

55 | 126
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Exhibit 3-27

Drilling Requirements in7199'0 and 1995-by Tight Gas Resource Tarpet

Number of New Wells - 1990 Number of New Wells - 1995
Base Case Advanced Case Base Case Advanced Case

$1.75/Mcf $3.00/Mcf-  $1.75/Mct $3.00/Mcf $1.75/Mcf  $3.00/Mcf $1.75/Mcf $3.00/Mcf

Western Tight

Gas.Sands 120 260 970 1350 60 150 - 510 : 590

Shallow \Gas

Basins 750 750 1290 3170 1210 1210 1300 4740

Other Tight,

Lenticular '

Sands 290 450 700 700 320 510 830 830

Tight, Blanket

Gas Sands 730 1120 1400 1720 630 900 880 1020

Other Low

Permeability

Reservoirs _60 60 80 120 30 30 _30 40
TOTAL 1950 2650 4440 7070 2260 2800 3550 7230
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F. The,Relativé Roﬁes'of pf{ce‘and RAD

One of the strategy decisions facing Federal energy po]1cy-
makers 1nv01ves balanc1ng economlc 1ncent1ves (pr1ces and taxes) and
sponsored research and deve]opment for augment1ng domest1c supp]ies of
natural gas.

; The study f1nds that future productlon from the tight gas basins
-is highly sens1t1ve to ‘economic incentives and to maJor advances -- but
most sensitive to 1mproved,econom1cs and technology used in combination.

° "Gas pr1ces up to $1/75 per Mcf prov1de enough econom1c
1ncent1ves to st1mu1ate the geo]og1ca11y more favorable
portions Of all the resource targets ‘Under Base Case ,
technology, a tota] u1t1mate recovery of 70 Tcf and 1990
annual product1on_of,2 7 Tcf are projected.

® Raising the price to $3‘60 per Mcf permits development
of add1t1ona1 areas, 1ncreas1ng u1t1mate recovery to 100
- Tcf and ]990 product1on to 3.2 Tcf.

e Further 1ncreas1ng price -- up to $4. 50 per Mcf -- has
,neglig1b1e effect on the estimates of product1on

o Even at the Tower level of‘econom1c 1ncentives, $1.75
per Mcf, 'focused Federal- industry R&D adds 'substantial
potent1a1 'production; under Advanced Case techno]ogy
the proJectlons are: '

-- U]tjmate recovery of,hear]y 150 Tcf

-~ Annual production in 1990 of 6.3 Tcf.
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e Combining Advanced Case technology and 1mproved economic
incentives yields substantial additional recovery:

-- At $3.00 per Mcf, Advanced Case ultimate recovery
is est1mated at over 180 Tcf, and 1990 annual
production at 7.7 Tcf.

-- At $4.50 per Mcf, however, the projections are only
marginally higher than at the $3.00 per Mcf levels.

Maximizing production from the tight gas basins relies on both
focused R&D and increased price. While estimating the exact levels of
economic incentives that would accompany the R&D program was beyond the
scope of the present study, the analysis suggests that the optimal price
is between $1.75 and $3.00 per Mcf in 1977 dollars.
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V. SUMMARY OF THE R&D STRATEGIES

The final section of Part 1 summarizes the major goals, benefits,
costs, and cost-effectiveness of the research and development strategies
for the tight gas basins. = ‘ '

A. Research and Development Goals

The éssessments of the resource base and the current technology
defined the problems and constraints that currently deter development of
the tight gas basins. ‘Overcoming these problems and constraints constitutes
the goals of the R&D progkam; In summary , the strategié gba]s are:

1. Resource Characterization

o Resburée Measurement - Develop accurafe,:reliable
" methods for collecting and analyzing reservoir and
-geologic data.

e Resource Evaluation - Conduct a serieé,of reservoir
measurements and production tests in the better
defined (Probable) areas of the basins.

. . Id . .
- @ Resource Definition - thain sufficient geologic

data tq define the resource in the less defined
o (PossiB]e) areas of the basins, thus accelerating
_ application of advanced well stimulation technology.
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2. Fracture Technology

e Fracture Length and Height - Create efficiently propped
fractures out to 1500 feet from the wellbore, where
desired; control fracture height to three times the
net pay or 150 feet, whichever is greater.

e Fracture Azimuth - Determine Tikely fracture azimuth
to assist in spacing wells and contacting net pay.

e Fracture Cdnductivity - Introduce improved proppants
such that fracture conductivity is not a limiting
condition.

e Fracture Effectiveness - Improve effective fracture
length and drainage area in lenticular formations by
intersecting sand lenses not encountered by the well-
bore.*

3. Field Development Technology

o Effective Drainage Area - Encourage a reduction in
spacing in highly lenticular sands to six wells per
section,**

*

*k

E.g., in thin, lenticular pays of the Mesaverde, achieving this
goal would increase effective fracture length from 400 to 800
feet and increase drainage area from about 50 to about 80 acres.

Under this spacing the wellbore would be in contact with about
50% of the pay, with no appreciable well to well interference.
When this reduced well spacing is combined with the capacity to
intersect sand lenses away from the wellbore, 80% of the gas in
place would be in contact with the wellbore. (This contrasts
with about 20% of the net pay in contact with the wellbore at
current well spacing and fracture technology.)
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° Mu]tipie’Comp1etions - Improve well completion tech-
nology to enable numerous formations to be fractured
and produced from.the same wellbore.

e e

: 4. Econom1cs and Development

~Risk Reduct1on - Reduce the r1sk prem1um (the minimum
'frequ1red return on 1nvestment) by 10 percentage points --
to 16% from the current high risk level of 26%. '

° Timing'of Field Development:-1Acce1erate'the pace of
field development in the Probable (defined) area and
open for exploitation the Possible (less:defined) area.

e Economic Analysis - Determine the appropriate price
~ incentives requ1red to develop each basin in a t1me]y
ffash1on '

5. Techno1ogy:Trénsfer

. \Transfek'the'resource definition, technology,.and
analysis to the gas production industry. -

~ - Ten R&D prbgramé were defined to achieve these goals; four for
the Western Tight Gaé BaSihs, three for the Shallow Basins, and one each
for the Other Tight, Lenticular Sands, Tight B]anket Gas Formations, and
Other Low Permeab111ty Reservo1rs :
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B. Costs of the R&D Pfogram

Unlocking the potential of the tight gas basins will require a
concerted program of research, development, and demonstration. In addi-
tion to on-going industry outlays, nearly $250 million is required, over
the next five years, for the joint Federal-industry research programs in
enhanced gas recovery. DOE would provide $160 million and industry the

remaining $90 million.
{

e The yearly costs for the five-year DOE/Industry
joint research program are as follows (in millions
of constant 1977 dollars):

Total Costs DOE Share

Total 5-Year Costs
(FY 79-FY 83) » $249.2 $158.6

Yearly Costs

FY 79 40.6 27.8
FY 80 51.0 33.7
FY 81 51.4 33.3
FY 82 , 61.5 33.5
FY 83 | 44 30.3
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e The tota] five-year DOE costs by resouree target are
as follows (in millions of constant 1977 dollars):

Resource Target DOE Share

Western Tight Gas Basins $102.5
) Shallow Gas Basins 14.7
Other Tight Lenticular Basins 23.4
Tight, Blanket Sands 11.5
Other Low-Permeability Reservoirs 6.5

TOTAL 158.6

e Further detail is provided on Exhibit 3-28.

e The types and 1eve1s of effort that these budget
outlays will support are as follows:

Activity Category Level of Effort
,Resouree Characterization : ' 3797person yeaks
Improved Diagnostic Tools 167 person years
Field-Based Research, - o
Development, and Demonstration 262 projects*
Technology and Information ‘ :
’Transfer 35 person years

Additional detail in provided in Exhibit 3-29.

ok F1e1d based R&D 1s a mix of resource character1zat1on cores
‘v,and wells, measurement calibration tests, technology
,1%1mprovement tests, and f1e1d demonstrat1ons of. 1mproved
-'ftechnology



Exhibit 3-28

Level of R&D Activities—Tight Gas Basins

Improved Technology/ |

Resource Diagnostic Field- Information .
Target/Program Characterization Tools Based RD&D Transfer
| (Person-Years) (Person-Years) (Cores/Wells) (Person-Years)
1. Western Tight Gas Sands
1.1 Resource Characterization
. == 3 Basins* (145)* (40)* (90)* (5)*
1.2 Greater Green River
-- Full Program 68 31 44 . 5
1.3 Piceance -- Full Program 45 8 37 0
1.4 Uinta -- Full Program 67 31 | 44 5
~ SUBTOTAL (180) (70) (125) 10
' w
2. Shallow Gas Basins | ®
2.1 Tight, Shallow Gas Sands 25 ' 10 31 5
2.2 Low Permeability, Shallow
Gas Sands ' 1 7 20 3
2.3 Shallow, Near Conventional
Gas Sands -~ 13 8 24 : 5
SUBTOTAL (49) (25) (75) (13)
3. Other Tight, Lenticular Sands 65 37 12 12
4. Tight, Blanket Gas Sands 60 15 25 0
5. Other Low Permeability Reservoirs 25 20 25 0
TOTAL (379) | (167) (262) (35)

*Person-years, cores, and wells also counted in
the three basin-specific "full programs”.

R

C | | | C
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Exhibit 3-29

jl Costs oi R&D Strategies—Tight Gas Basins

TARGET/PROGRAM

1.

WESTERN TIGHT GAS SANDS

1.1 Resource Characterization -- 3 Basins*
1.2 Greater Green River -- Full Program |

- 1.3 Piceance ;;9Fu]1 Program .=

1.4- Uinta -- Full Program
SUBTOTAL =

-

SHALLOW GAS BASINS
2.1 Tight, Shallow Gas Sands

.A2;244Low4Pekmeabi]ity,'Sha11ow,Gas Sands

2.3 Shallow, Near-Conventional Gas Sands

SUBTOTAL

. OTHER TIGHT, LENTICULAR SANDS

. TIGHT, BLANKET GAS SANDS

OTHER LOW-PERMEABILITY RESERVOIRS

TOTAL

5 YEAR PROGRAM COSTS
(IN MILLIONS)

- TOTAL -

(88.0) -

66.4

4.3
66.3
(177.0)

9.3

5.1

4.4

(18.8)

35.4

1.5

6.5

- 249.2

* Field-based R&D is a mix of resource characteriiation cores
and wells, measurement. calibration tests, technology improve-
ment tests, and field demonstrations of improved technology.

FEDERAL SHARE

(56.0)
38.7
25.2
38.6

(102.5)

7.0

3.8

‘3.8
(14.6)

23.4
1.5

6.5

158.5
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C. Production Benefits

Successful execution of the R&D pkogram would lead to addftiona]

gas recovery and acceleration of its production.
Two measures were used to quantify these benefits:

e A Tong-term measure of additions* to ultimate
recovery (at $3.00 per Mcf) due to the DOE/

Industry R&D program.

e A near-term measure of additional* gas that can
be produced between now and 1990 (at $3,00 per
Mcf) due to the DOE/Industry R&D program.

The estimated additional recovery due to the joint DOE/Industry

R&D is shown below, by resource target:

Long-Term Measure
Ultimate Addition to Recovery

Near-Term Measure
Cumulative Addition

to Recover: 1978-1990

(0$3.00/Mcf) **

Resource Target (@$3.00/Mcf)
o Western Tight Gas Basins a
e Shallow Gas Basins 11
e Other Tight, Lenticular 9
Basins
e Tight, Blanket Sands 15
e Other Low-Permeability 5
Reservoirs
TOTAL 81

Additional detail is provided on Exhibit 3-30.

* These are additional quantities, over the Base Case,
that would accrue due to successful R&D leading to

the Advanced Case.
**Totals may not add due to rounding.

14
2

I

25



<
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Exhibit 3-30

Incremental Benefits Due to Advanced Technology
(at $3.00/Mcf)—by Tight Gas Resource Target

TARGET/PROGRAM

1. WESTERN TIGHT GAS SANDS

1.1
1.2

1.3
1.4

2. SHALLOW GAS BASINS

2.1
2.2

2.3

Resource Characte

3 Basins

rization --

Greater Green River --

Full Program

Piceance -- Full Program‘

Uinta -- Full Program

SUBTOTAL -

Tight, Shaﬂ]ow Gas Sands

Low-Permeability, Shallow

Gas Sands

Shallow, Néar Conventional

Gas Sands

SUBTOTAL

3. OTHER TIGHT, LE&TICULAR SANDS

4. TIGHT, BLANKET éAS SANDS

5. OTHER LOW-PERMEABILITY RESERVOIRS

TOTAL

* Totals may not add due to rounding
** Program 1.1 benefits also included

in the three basin-specific programs,

so are not added:into subtotals.

o 1990
- ULTIMATE 1990 CUMULATIVE
RECOVERY  PRODUCTION  RECOVERY
_(Tcf) (Tcf/Year) (Tcf)
(2.6)*+ (0.1)** (0.7)*x
16.7 0.9 5.3
8.6 0.5 2.5
15.5 1.0 6.0
(40.8) (2.3) (13.7)
7.6 0.1 0.1
1.3 0.05 0.05
2.3 0.3 1.6
(11.0) (0.4) (1.8)
8.9 0.2 1.0
15.2 1.2 6.8
5.1 0.3 1.9
81.2 4.4

25.2
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D. Cost-Effectiveness of the Research Program

An essential question facihg officials responsible for allocat-

ing public funds is: "How cost-effective is the expenditure?". Using the
two production benefit measures discussed above, the analysis indicates

that the payoff from R&D in enhanced gas recovery is considerable and cost-

effective:

e The long-term cost-effectiveness measure forvther

five resource targets combined is 510 Mcf per

dollar of federal R&D.

e The near-term overall cost-effectiveness measure
js 150 Mcf per dollar of federal R&D.

Individually, each of the resource targets also have favorable

cost-effectiveness ratios:

Resource

Gas Target

Western Tight Gas Basins

Shallow Gas Basins

Other Tight Lenticular Basins
Tight, Blanket Sands

Other Low-Permeability
Reservoirs

Long-Term Near-Term

Measure - Measure
Mcf/$) (Mcf7%)
400 130
150 120
380 , 40
1320 590
780 290
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As the f1ve ‘tight gas resource targets would be developed
according to ‘ten R&D program, txhibit 3- 31 shows the cost-effectiveness
measures for the individual programs: '

e Two of the programs, the Tight, Shallow Gas Sands
and Tight, Blanket Sands, yield long-term, cost-
effectiveness ratios greater than 1,000 Mcf per .
dollar.

o The lowest ratio for resource characterization
(without technology improvement)* in the Western
Tight Gas Basins returns 46 Mcf per dollar.

e The near-term cost-effectiveness ratios generally
follow the long-term measures with the following
modifications:

-- Two% segments of the Shallow Gas Basins show
only limited near-term response

-- The Tight, Blanket Sands become relatively
more cost-effective in the near-term.

In se]ect1ng the R&D strateg1es, the decision-maker should con-
sider the absolute size of the incremental benef1ts, the time at which these
benefits are 1ncurred and the relative cost—effect1veness of expend1tures
of public funds. For the t1ght gas basins:

-~

* This strategy, however, is principally designed to prepare the
prerequisite methods and information for the application of the

- improved technology The full benefits of this strategy, then,
are seen in the other three Western Tight Gas strategies. In

-these, the long-term benefits range from 341 to almost 436 Mcf
per federal dollar, for a weighted average of 398.
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Exhibit 3-31

Cost-Effectiveness of R&D—by Tight Gas Resource Target

LONG-TERM NEAR-TERM
TARGET/PROGRAM (Mcf/Dollar) (Mcf/Dollar)
1. WESTERN TIGHT GAS SANDS ‘
1.1 Resource Characterization -- 3 Basins (46) (13)
1.2 Greater Green River --" Full Program 436 137
1.3 Piceance -- Full Program 341 99
1.4 Uinta -- Full Program 402 155
AVERAGE (398) (132)
2. SHALLOW GAS BASINS
2.1 Tight, Shallow Gas Sands 1,086 14
2.2 Low Permeability, Shallow Gas Sands 342 -
2.3 Shallow, Near-Conventional Gas Sands 605 526
AVERAGE (753) (123)
3.  OTHER TIGHT, LENTICULAR SANDS 380 43
4. TIGHT, BLANKET GAS SANDS 1,322 591
5. OTHER LOW-PERMEABILITY RESERVOIRS 785 292
OVERALL AVERAGE 512 159
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Advanced technology offers considerable production poten-
tial at the gas prices of $1.75 and $3.00 per Mcf.

The technological improvements for the tight basins require
evolution of existing technology rather than entirely new
approaches, providing greater confidence that'the estimated
benefits can be achieved from the fivé-year plan.

Under Advanced technology, the tight gas basins offer the

“potential of substantial near-term additions to domestic

gas supply, annually totaling nearly 4 Tcf in 1985 and over
7 Tcf in 1990. Of these totals, about 2 Tcf per year in

- 1985 and 4 Tcf per:year in 1990 would be the increments

due to Advanced Case over Base Case technologies.

Industry shdu1d be expected to contribute a substantial
portion of the total research program costs. -In addi-
tion to their own, in-house R&D efforts, it is -estimated

~ that 1ndustry would provide about $90 million to the joint

Federal- industry research efforts in the Tight Gas Basins.

The R&D strategies for deve10p1ng the full potential of the tight

-gas bas1ns are deta11ed in Part 2.



CHAPTER THREE
BIBLIOGRAPHY

U.S. Federal Power Commission, National Gas Survey, 1973.

Ibid, Volume II, p. 88.
Ibid, p. 122-123.
Ibid, p. 162.

Luetkehans, Gerald R., "Gas in Tight Sands", Chapter 12 in
Gas from Unconvent1ona1 Sources, Nat1ona1 Academy of Sciences,
Washington, D.C., 1976.

Booz, Allen and Hamilton, Inc., Empirical Study of the Natural
Gas Industry, conducted for the Department of Energy, Division
of 0il and Gas, 1977.

Elkins, Lloyd E., "The Role of Massive Hydraulic Fracturing in
Exploiting Very Tight Gas Deposits", National Academy of
Sciences, op. cit.

Booz, Allen and Hamilton, op. cit.

U.S. Energy Research and Development Administration, Western
Gas Sands Project Plan, August 1, 1977.

Potential Gas Committee, Potential Supply of Natural Gas in the
United States, Colorado School of Mines, Golden, Colorado, 1977.

American Association of Petroleum Geologists, Bulletin, August,
1976, Vol. 60, No. 8.

Knutsen, C. F., "Outcrop Study of Fracture Patterns and Sandstone
Geometry, Eastern Uinta Basin, Utah: Study Results and Implica-
tions to the Stimulation of Tight Gas Sands in the Area", U.S.
Energy Research and Development Administration, Nevada Operations
Office, 5/23/77.



Fast, C.R., Holman, G.B., Covin, R.J., "The Application of
Massive Hydraulic Fracturing to the Tight Muddy 'J' Formation",
Wattenberg Field, Colorado; Journal of Petroleum Technology,

"~ January, 1977.

Federal Power Commission, op. Cit.
Booz-Alﬁen, op. cit.
Thomas, R.D. and Ward, D.C., "Effect of Overburden Pressure

and Water Saturation on Gas Permeability of Tight Sandstone
Cores", Journal of Petroleum Technology, 1972, Vol. 24, p. 123.

Booz-Allen, op. cit.

Holditch, S. A. and Morse, R.A., "The Effects of Non-Darcy Flow _
on the Behavior of Hydraulically Fractured Gas Wells", Journal
of Petroleum Technology, October, 1976.

AGA/API, Joint Association Survey of the U.S. 0il and Gas
Producing Industry, American Petroleum Institute, Washington,
D.C. , '

Reportsfin preparation under contract with the Department of
Energy.

Mortada International, special analysis for U.S. ERDA,
August, 1977.



CHAPTER THREE
TIGHT GAS BASINS

Part 2



3-90

I. RESEARCH AND DEVELOPMENT STRATEGY FOR THE WESTERN TIGHT GAS SANDS

The researqh'and development strategy for the Western Tight Gas
Basins is organized into four segments: |

e Program 1.1: Resource Evaluation and Characterization:
Obtain Datd on Basin and Reservoir Properties Essential
for Producing Tight, Lenticular Formations of the Greater
Green River, Piceance, and Uinta Basins.

e Program 1.2: Greater Green River Full Program: (a)
Resource Evaluation and Characterization: Obtain Data
on Basin and Reservoir Properties Essential for Produc-
ing Tight, Lenticular Formations of the Greater Green
River Basid; and (b) Technology Development: Develop
Improved Well Stimulation Technology for Application in
this Basin%

e Program 1.3: Piceance Full Program: (a) Resource Eva-
luation and Characterization: Obtain Data on Basin and
Reservoir Prdperties Essential for Producing Tight,
Lenticular Formations of the Piceance Basin; and (b)
Techno]ogijeve]opmenf: Develop Improved Well Stimu-
lation Tecﬁno]ogy for Application in this Basin.

° Program'1.4:_ Uinta Full Program: (a) Resource Evalua-
tion and Characterization: Obtain Data on Basin and
Reservoir Eroperties Essential for Producing Tight,
Lenticular Formations of the Uinta Basin; and (b)
'Techno]ogyéDeve1opment: Develop Improved Well Stimula-
tion Technd]bgy for Application in this Basin. ’

-
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The resource characterization program has certain incremental
benefits on its owh, but it is also pre-requisite to successful techno-
logy development strategies. Program 1.1 can stand alone, but because
technology deve]opment‘strategies presuppose resource evaluation and
characterization, Programs 1.2, 1.3, and 1.4 each contain their essential
share of Program 1.1. To the extent thét Programs 1.2, 1.3, or 1.4 are
selected, Program 1.1 can be reduced.
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Program 1.1

TARGET : Western Tight Gas Reservoirs

R&D STARTEGY: Resource Evaluation and Characterization: Obtain
Data on Basin and Reservoir Properties Essential
for Producing Tight, Lenticular Formations

1. Central Problem

The Western Tight Gas Reservoirs of the Tertiary and Upper Creta-
ceous age (often referred to as the Mesaverde) have been cited as a major
target for increasing domestic gas supplies. Achieving this target appears
to hinge on the essential question:

Is there sufficient gas in place, permeability, and
pay continuity to justify the drilling, fracturing,
and operation of wells?

The problem is geological, requiring rigorous reservoir study to
understand and precisely measure what is here.

This R&D strategy -- to obtain Data on Basin and Reservoir Proper-
ties Essential to Producing Tight, Lenticular Formations -- addresses the
geological, resource characterization question.

2. Scope of the Effort

The target for the resource characterization effort consists of
the three Western Tight Gas Basins, namely the Uinta (Utah), Piceance (Colorado),
and Greater Green River (Wyoming).
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. Hithin each~basin the‘resdurce characterization effort would
follow two paths:' ' - ' ; ’

o The fjrst,_and,most immediate, -target would be the forma-
‘tions iﬁﬁediate]y adjacent to (areally or vertically) the
major bas1n areas and format1on target(s) already being
pursued by industry. Thus, the ERDA target would be other
“tight foﬁmations coterminous with the producing and exten-
sion areas of each Basin, as follows:

ERDA Resource

o | Industrv Target ~ Characterization
Basin - © - Formation - ¢ "~ Target Formations
Greater Green ' - s T :

River - Almond Marine Ericson

C © .. .« Almond Alluvial/ - - Rock Springs/
Deltaic L Blair

Piceance ~ Corcoran/Cozette * ~~  ~ Fort Union

Other Mesaverde

Uinta - Wasatch - .- . Neslen .
Farrer
‘Castlegate
The resbufce characterization effort for this targetuarea‘wduld
‘be to c011ect ‘the most essent1a1 reserv01r propert1es (e.qg.,
. sand 1ens geometry, ‘permeability, gas saturation, rock stresses
_Vand strength) that wou1d enab1e 1ndustry to app]y advanced
fractur1ng techno]ogy to these format1ons
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e The second target would be the undeveloped areas of these
basins where the geology appears favorable, and gas shows
have been noted. The resource characterization effort for
this second target area would begin with basic geological
studies and resource appraisal leading toward the focused
definitions of reservoir properties.

3. R&D Goals

e To define the key reservoir characteristics (e.g., in situ
permeability, porosity, pay continuity, gas saturation) in
the probable formations and segments of the basins.

e To determine the geometry and distribution sand lenses.

e To ascertain the rock properties of the gas bearing sand
lenses and surrounding rocks and their effects on fracture
azimuth, extension, and conductivity.

e To assess the economic feasibility of producing these for-
mations under advanced stimulation technology.

4, R&D Activities

The R&D activities would consist of a sequence of tasks as follows:

e Task 1 - The initial task would be to organize groups of
highly qualified persons experienced in geology and pro-
duction engineering to review and interpret available
geologic, test, and production data and agree on the locus
of the resource characterization effort. This task should
start in FY 78.
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° Task 2 - Assemb]e and ana]yze available geo]og1c test and

‘ product1on data in support of the information requirements
Qf the groups convened in Task 1. This task provides staff
and ana]ytic suppdrt to these groups.

e Task 3 - Undertake an extensive coring, logging, and measure-
ment program with new tools and techniques in the more favor-
able portion of these basins to establish or identify:

~- gas permeability and its distribution

~- varying. characteristics of the lens within a single
~well target ’

- the rock prOperties governing fracture behavior

-- other reservoir rock properties that s1gn1f1cant1y
affect gas production.

This third task would a1$o serve to develop new tools and
methods'td‘calibrate the quantitative measurements from
previous loggiﬁg and core ana]ysis'and extend them to
“unknown horizons. /

e Task 4 - Drill a selected number of wells in the thoroughly
assessed dréas in each basin and measure the nature, geo-
metry,~ahd distribution of the sand lenses. The central
issue woqu be to determine the number of lenses -- includ-
ing those not encountered by the wellbore -- that could be
interconnected by a single fracture or series. of fractures
from a siﬁg]e well. . '
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Task 5 - Drill a considerable number of resource charac-
terization wells in each basin. This second set of resource
characterization wells would be distributed to identify and
define the high potehtia1 target areas and formations with-
in the "probable" areas of the basin.

Taék_6 - Incorporate these reservoir properties into avail-
able production/economics models to ascertain the required
technological and economic conditions for producing these
first order target formations.

Task 7 - Conduct basic geological and measurement studies

of the more speculative portions of the basins (defined as
"possible" in Part 1). Should sufficient potential be
jdentified, this would be followed by the detailed reservoir
characterization studies 1isted above (Tasks 1 - 6).

Task 8 - A continuing task would be to thoroughly document
the resource characterization and economic/technology studies
and disseminate these findings to industry.
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5. Manpower and Field Test Requirements

The levels of manpower and the‘numbers of cores and resource
characterization wells to carry out the above research, development, and
demonstration activities are shown in Exhibit 1.

The decreésing manpower requirements are based on the consider-
able base of knowledge that has already been accumulated and that needs to
be expanded in key areas. ' '

The number of cores/wells is based on the requirement. to conduct
one full (20 coreho]e) coring program in each of the three basins and to
drill 10 resource evaluation and characterization wells in each basin.



TOTAL PROJECT/MANPOWER REQUIREMENTS

EXHIBIT 1

R&D ACTIVITIES (Physical Units)

Strategy Elements

1.

Resource Characterization and Appraisal (man-years)
o Technical Committee

® Basic Geological Studies

® Reservoir Properties Measurement

e Recoverv and Economic Studies

Improved Diagnostic Tools and Methods (man-years)
o Lab Testing

o Development

Field-Based Research, Development, and Demonstration (cores/wells)

e (ores

® Resource Characterization Wells

Technology Information Transfer (man-years)

Program 1.1

TARGET: MWestern Tight Gas Basins
5-Year (Strategy
(FY 78) FY 79 FY 80 FY 81 FY 82 FY 83 Total Total)
(10) 5 5 5 5 5 25 {35)
(10) 10 10 10 10 10 50 (60)
(10) 20 20 20 60 (70)
{ 2) 2 2 2 2 2 10 (12)
©
16 (16) ©
2 4 4 4 ) 9
3 6 6 6 4 24 (24)
20 20 20 60 (60}
5 5 5 10 5 30 (30)
1 1 ] 1 1 5 (5)
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6. R&D Costs

, The R&D activities listed in Exhibit 1 are translated into yearly
cost budgets in Exhibit 2 (Total Program Costs) .and Exhibit 3 (ERDA Share
of Total Program Costs).

The Iine‘items of costs in\the budget are based on the following
- assumptions:

o One fully supported professional man-year costs $100,000.

e The incremental cost of taking 1 foot of core is $100;
1,000 feet of core would be taken per well.

e The cost of drilling, coring, logging and testing a
‘ resource character1zat1on well is $2,000, 000.

The assumptions as to ERDA's share of total program costs are as
follows: R |

e ERDA pays for 90% of the professional and support costs
of the Technical Committee.

e ERDA pays for 100% of all other professional man-year costs.

e ERDA pays‘for 75% of the‘increméntai,cost of the coring
program. ‘ '

e ERDA pays for 50% of the resource evaluat1on and
character1zat1on we1ls ‘
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EXHIBIT 2 .
TOTAL .PR'OGRAM COSTS TAR~GET: Western Tight Gas Basins
RD&D Costs (Thousands of 1977 Dollars)
. ’ 5-Year (Strategy
‘Strategy Elements : (Fy_78) FY 79 FY 80 FY 81 FY 82 FY 83 Total Total)
1. Resource Characterization and Appraisal
® Technical Committee (1,000) 1,000 1,000 1,000 1,000 1,000 5,000 (6,000)
e Basic Geological Studies {1,000) 1,000 1,000 1,000 1,000 1,000 5,000 {6,000)
e Reservoir Properties Measurement (1,000) 2,000 2,000 2,000 ‘ 6,000 (7,000)
e Recovery and Economic Studies (__200) 200 200 200 200 _200 1,000 {1,200) -
SUBTOTAL (3,200) 4,200 4,200 4,200 2,200 2,200 17,000 {20,200)
2. Improved Diagnostic Tools and Methods
e Llab Testing 200 400 400 400 200 1,600 (1,600)
e Development 300 _600 600 _600 _300 2,400 (2,400)
SUBTOTAL 500 1,000 1,000 1,000 500 4,000 (4,000)
3. Field-Based Research, Development, and Demonstraticn h -
e Cores (incremental costs) 2,000 2,000 2,000 6,000 (6,000)
® Resource Characterization Wells 10,000 10,000 10,000 20,000 10,000 60,000 (60,000)
' SUBTOTAL

12,000 12,000 12,000 20,000 10,000 66,000 (66,000)
4. Technology/Information Transfer

100 100 200 300 300 1,000 (1,000)

TOTAL COST (3,200) 16,800 17,300 17,400 23,500 13,000 - 88,000 {91,200)

00L-€
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EXHIBIT 3

ERDA SHARE OF TOTAL PROGRAM COSTS TARGET: Western Tight Gas Basins
RD&D COSTS (Thousands of 1977 Dollars)
Strategy Elements ‘ (FY 78) FY 79 FY 80 FY 81 FY 82 FY 83 ?;Ii?r ‘?Eiifﬁgy
1. Resource Characterizatior\'~.varm\d Appraisal . '_ ‘
e Technical Committee , ( 900) 900 900 900 900 900 4,500 - - { 5,400)
"o Basic Ge01091¢51'§¢¢a}egj'"“"““T':*”jf' e (1;000) 5 1,000 1,000 1,000 ) 1,000 1,000 5,000 ( 6,000)
e Reservoir Measurement - k (1,000) 2’000‘, ‘2’600 2;000 ~ ;‘ 6,000 ( 7,000).
o Recovery and'Ecoﬁgmicrstga,;~-_ : ( 7200)  200 200 200 200 200 1,060 ©(1,200)
SUBTOTAL ) : (3,100) -~ 4,100 4,100 4,100 - 2,100 2,100 16,500 - (19,600)
2. Improved Diagnostic Tools and Methods . | ‘ |
e Lab Testing o < 200 400 400 400 © 200 1,600 l ( 1,600)
o Deve]opmgnt 300 600 600 600 300 2,400 ( 2,400)
SUBTOTAL | 500 1,000 1,060 1,000 500 4,0d0v | ( 4,000)
3. -Fie1d>-8ased Research, Devéio’pment,:éndz“Démornstrationl ) ' ‘ |
e Cores (incrémenta] coéts)‘ o ]'500; - 1500 1,500 ¢ o 4,500 . ( 4,500)
e Resource Characterizétion Wells - 3,000 °5,000 5,000 - 10,000 5,000 30’060 (30,000)
SUBTOTAL s ' 6,500 6,500 6,500 10,000 5,000 34,500 (34,500)
4. Téchno]ogy/lnformat‘ion frar.)s’fér o » | o 1
' 100 100 200 . 300 : 300 1,000 ( 1,000)
(211992 lllggg‘ 11,700 . ]1,860 13,400 7,900 56,006 | (59,100)

TOTAL ERDA COST:

10L-€
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7. Production Benefits

The expected benefits from a successful completion of the Resource
Evaluation and Characterization Program in the Western Tight Gas Basins are
threefold:

e The type of resource characterization defined in
this program is an essential prerequisite to the
technology development phase.

e It raises as targets for Base Case Technology
formations not now being pursued by industry
(formations that are above and below the forma-
tion(s) being currently pursued).

e It provides adequate geologic and resource defini-
tion information to incorporate the “possible”
areas of the basins as targets for advanced technology.

The first order benefits of the program are presented in recovery
and production rate terms, by key years, measured as the difference between
the Base Case and the After Resource Appraisal Case.*

* Since the Resource Characterization Program is an essen-
tial prerequisite to the Technology Development Program,
the full value of this program will only be realized as
Advanced Production and Stimulation Technology is success-
fully applied to these basins. (See the Production Benefits
section of the Technology Development Programs for the indi-
vidual basins included among the Western Tight Gas Reservoirs.)
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The anficipéted benefits from a successfu] completion of ‘the
resource evaluation and characterization program for the Western Tight
Gas Reservoirs are estimated at'$3.00/Mcf as: -

After Success-

Base Case .
e TS Awep
e Ultimate ‘ '
- Recovery j 9.0 11.6 v - 2.6
© Production
Rate in: ‘ ‘
1985 j 0.2 - 0.3 0.1
1990 % - 0.4 - 0.5 0.1
1995 B 0.4 0.5 0.1
2000 : 0.3 0.4 0.1

® Cumulative :
Production by:

1985 0.8 1.0 0.2
1990 2.5 3.2 0.7
1995 4.4 5.6 1.2

7.7 1.7

2000 © - . 6.0




3-104

8. Benefits and Costs

The key cost-effectiveness measures are production in Mcf per
dollar of ERDA expenditure. For resource evaluation and characterization
of the Western Tight Gas Reservoirs, these ratios (at the $3.00/Mcf gas
price) are:

Cost-Effectiveness Measures Value

(McF73)

e Long Term Measure:
Ultimate Recovery/ERDA 5-Year Costs 46

e Short Term Measure: .
1990 Cumulative Production/ERDA 5-Year Costs 13
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Program 1.2

TARGET: Western Tight Gas Reservoirs - Greater Green River Basin

R&D STRATEGY: Part a: ‘- Resource Evaluation and Characterization:
- o ~-_.Obtain Data on.Basin and. Reservoir Propert1es
Essential for Produc1ng T1ght Lent1cu1ar
Formations 5

- Part:b: _Technology Development: ~DeVelop Improved
Well Stimulation Technology

- 1. Central Prob]em»:

u Reépurce'Problem'(Part’a)

‘The tight gaS'reservoirs'of the Tertiary and Upper Cretaceous age

(often referred to as the Mesaverde) in the Greater Green River Basin have
been c1ted as a maJor target for 1ncreas1ng domest1c gas supp11es Achiev-
ing this target appears to f1rst h1nge on the essent1a] quest1on

Is there sufficient gas in place, penweability, and pay
conttnuzty to Justtfy the drtlltng, f?acturtng and opera-

rtzon of wells7

The first: problem is geological, requ1ring r1gor0us reservoir
‘istudy to understand and prec1se]y measure what is there. : ‘

The f1rst3part of th1s R&D strategy to Obta1n Data on Basin and
Reservair Properties Essential to Producing Tight, Lenticular Formations
addresses ‘the aeo]og1ca1, ‘resource character1zat1on quest1on, haS been

descr1bed prev1ously
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Technical Problem (Part b)

Should sufficient]y favorable reservoir conditions be found,
recovering the resource depends on the second essential question: '

Can a sufficient number of the distinct gas bearing lens
in which the gas is contained be intersected with a frac-

ture to ensure economic flow?

The second question is technological, requiring the definition
of the conditions under which fractures can be made: a) to intersect and
effectively drain a significant portion of the sand lens seen at the well-
bore, and/or (b) to enter sand lens not initially contacted at the wellbore.

The second part of this R&D strategy to Develop Improved Well
Stimulation Technology for intersecting multiple pay zones and sand lens
from the same wellbore addresses this technological question.

Once the technology for intersecting multiple sand lens is achieved,
numerous additional research efforts into fracture technology (e.g., proppant
concentrations, fluid design, injection procedures) and well production prac-
tices (e.g., post-clean-up water production) will be undertaken to ultimately
develop the resources of the Greater Green River Basin on an economical basis.

2. Scope of the Effort

The overall target for the technology development program are the
tight, lenticular deposits of the Greater Green River Basin (Wyoming).
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B ’ The spec1f1c target format1ons w1th1n th1s bas1n are the Upper
Cretaceous and Tert1ary age format1ons as fo]]ows

Industry Target - Target Formations for

Basin o - """ Formation ' Advanced Technology
Greater Green River ~ @ Almond (Marine)r | e Fort Union
o B e Almond (Alluvial/ = e Erickson
< _Deltaic)

® Rock Springs/Blair

The deve]opment of the extens1on (probab]e) area of this basin would
be dependent on the resource eva]uat1on effort described in Program 1.1. The
development of the poss1b]e areas of this basin will fo]]ow basic geologic
~ studies and resource character1zat1on efforts focused on ascerta1n1ng the
potential size and economic feasibility of these less well-defined areas.

3. R&D Goals

e To athieye the goals of Program 1.1 -- Resource Evaluation
and Characterization -- as they pertain to the Greater Green
River Basin. | - ‘

e ‘TO“establish@the conditions under which a fracture will
traverse a significant portion of the sand 1ens contacted
"'at the wellbore. -~ = = ’

® To~determine underiwhat conditions the fracture will
.effectively intersect sand lens not initially contacted
by the wellbore. '
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e To control the height of the fracture, where desired,
such that the induced energy serves to proppagate frac-
ture length rather than ineffectual fractual height.

e To use successfully numerous, massive hydraulic fractures
from the same wellbore.

e To create and maintain effective fracture conductivity,
particularly in the deeper formations.

e Assuming the above goals are met, the ultimate goal would
be to determine the technology that will provide the most
economic means for drilling, completing, fracturing, and
roperating gas wells in the Greater Green River Basin.

4. R&D Activities

The R&D activities in this strategy would follow two parallel, but
closely related sequences. The first is the Resource Evaluation and Charac-
terization sequence. This sequence is precisely the same as laid out in
Program 1.1, except that it is specific to the Greater Green River Basin.

To avoid redundancy, its individual tasks are not repeated here. The second
sequence are those tasks that relate specifically to the Technology Development
component of this strategy. These are enumerated below. Essential coordination
of the two sequences of tasks would be ensured by a common project manager and
by a common group of experienced experts overseeing and coordinating the efforts
under the respective task sequences. The R&D activities related to Technology
Development would consist of the sequence of tasks that follows:
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Task 1 - The initial task would be to assemble a group of
highly'QuaTified persons experienced in geology and produc-
~ tion engineering. 'ThisfgrOUp of experts would set forth
the design specifications for the technological tests
definedeeTow This task should start in FY 78.

Task 2 = Ident1fy weT]s that have been dr111ed (by 1ndustry)
into the.deeper Mesaverde segment of the basin but where for
rvariousireasons;these deeper formations have-not been pro-
duced. These wellg as well as the 20 resource characteri-
zation wells from the Resource Evaluation and Characterization
sequence would serve as the Tocus for the techn1ca1 tests of
Vfadvanced st1mu1at1on technoTogy ' '

Task '3 = Use ‘moderate size- fractures in selected high quality

. sand - 1ntervals and then produce “the well long enough to estab-

~1ish the productive capacity and reservoir properties of the
well -and determine the effectiveness of a.moderate size frac-
.ture‘fon intersecting the'pay.

7 Task 4 = The next step woqu be to use a ser1es of large
W'fractures and “improved proppants over large gross 1ntervals

| 7(up to 600 feet each) to determ1ne the capac1ty of massive -
hydrau11c fracturing to 1ntersect mu1t1p1e pays and sand Tens
«not encountered at the we]]bore v

,;;Task 5 - Test and apply var1ous weTT st1mu1at1on and comple-
tion pract1ces to these wells to estab11sh opt1mum pract1ce
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Task 6 - Repeat the third, fourth, and fifth steps above in
sufficiently varied geologic settings to demonstrate the
technical feasibility and definé'the geologic conditions
that influence fracture effectivehess.

Task 7 - Supporting thése technical tests would be basic
R&D for improving stimulation and well completion techno-
logy and applied R&D focused on improving recovery and
economic models, calibrated to the specific conditions of
the Tight Gas Formations.

Task 8 - Running parallel to the technical tésts of well
stimulation and production practices would be a series of
major confirmation projects designed to test the state of
evolution in fracture technology as applied to tight,
lenticular gas pays. These demonstration projects would
entail the full range of laboratory testing and correlative
interpretation before designing and applying the best of
the "state-of-the-art" fracture treatments. Multiple
fracture treatments would be applied to the entire Tertiary
and Mesaverde interval. Thorough production testing would
be required for each fractured interval before moving up
the well to the next interval.

Task 9 - A continuing task would be to thoroughly review,
analyze, and document the results and disseminate these
findings (with fullest possible detail) to the industry.
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5..}Manpower and Field Test Requirements

The levels of manpower and the numbers of resource charac-
terization wells and technical tests to carry out the above research,
development, and demonstration activities are shown in Exhibit 1.

The manpdwer requirements are based on the need to gather consider-
able basic geological, engineering, and economic information on the diverse
tight gas formations of the areally large Greater Green River Basin.

The number of corés, wells, and tests are based on the need to
conduct in the Green River Basin: .

e A full 20-core measurement progfam.
e A 10-well resource evaluation program.
e Ten technical tests of advanced well stimulation.

e Four major advanced production technology demonstrations.

Cw



EXHIBIT 1

TOTAL PROJECT/MANPOWER REQUIREMENTS

RSO ACTIVITIES (Physic _lnits)

Strategy Elements (FY 78)

1. Resource Character -ation and Appraisal (man-years)

e Technical Cormi -ee (10)

e Basic Geologice Studies (5)

e Reservoir Prope: .ies Measurement (5)

e Recovery and Ecrnomic Studies (2)
2. Improved Diagnostic Tools and Methods (man-years)

e Lab Testing ' ' (2)

e Development (2)

3. Field-Based Research, Development, and Demonstration (core/wells)

o (Cores

e Resource Characterization Wells
® Technical Tests

e Technelogy Demonstration

4. Technology/Information Transfer (man-years)

B

FY 89

- s

Program 1.2

TARGET: Western Tight Gas Basins-
Greater Green River Basin.

5-Year (Strategy

FY 81 FY 82 FY 83 Total fotal)
4 4 4 20 (30)
4 20 (25)
5 20 (25)
2 1 2 8 (10)

3 2 13 (15)

: 18 {20)

5 20 (20)
5 10 (10)

5 10 (15)

2 4 ( 4)
] 1 1 5 {5

ZLL-¢€
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6. R&D Costs

The R&D activities listed in Exhibit 1 are translated into yearly
_degets in Exhibit 2 (Total Program Costs) and Exhibit 3 (ERDA Share
of Total Program Costs)

The Tine items in the budget are based on the following assump-
tions: ' '

‘© One fhi]y supported man-year costs $100,000.

- @ The incremental cost of taking 1 foot of core is $100;
1,000 feet of core would be taken per well.

¢ The cost of drilling, coring,’ logging and‘testing a
resource characterization well is $2,000,000;

e The incfementa] cost of a multiple, massive hydraulic
fracture treatment is set at $1,000,000 per well.

o The full cost of each advanced production‘technblogy
demonstration test is $6,000,000, including drilling,
comp]etion, multiple fracturing, testing and suppor-

~ tive planning, management, and analysis.‘

The asSdmptions«as to‘ERDA‘s_share of total prbgram costs are as
follows: - o ' ‘ - '

° ERDA pays for 90% of the profess1ona1 and support
RN costs of the Technica] Comm1ttee :



EXHIBIT 2

TOTAL PROGRAM COSTS Program 1.2
L)
N
TARGET: Western Tight Gas Basins -
R&D COSTS (Thousands of 1977 Dollars) Greater Green River Basin
5-Year Strate
Strategy Elements (FY 78) FY 79 FY 80 FYy 81 FY 82 FY 33 Total ( Tota'lgy
1. Resource Characterization and Appraisal
e Technical Committee _ (1,000) 400 400 400 400 400 2,000 (3,000)
e Basic Geological Studies ( 500) 400 400 400 400 400 2,000 (2,500)
Reservoir Properties Measurement { 500) 1,000 500 500 2.000 (2,500)
Recovery and Economic Studies {__200) 200 100 200 100 200 300 (1,000)
SUBTOTAL (2,200) 2,000 1,400 1,500 900 1,000 6,300 {9,000)
2. Improved Diagnostic Tools and Methods
e Lab Testing ( 200) 200 300 300 300 200 1,300 (1,500)
¢ Development {__200) 300 400 400 400 300 1,800 (2,000)
SUBTOTAL { 400) 500 700 700 700 500 3,100 (3,500)
3. Field-Based Research, Development, and Demonstration
e Cores (incremental costs) 1,000 500 500 2,000 (2,000)
e Resource Characterization Wells 10,000 10,000 20,000 (20,000}
o Technical Test 5,000 5,000 10,000 (10,000)
& Technology Demonstration 6,000 6,000 6,000 6,000 24,000 (24,000)
SUBTOTAL 17,000 11,300 6,500 1 ,‘000 10,000 56,000 (56,000)
4. Technology/Information Transfer 100 100 100 100 100 500 ( 500)
TOTAL COST (2,600) 19,600 . 13,700. 18,800, _12,700, 11,600: 66,400 .  (69,000)
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EXHIBIT 3
ERDA SHARE OF TOTAL PROGRAM COSTS

TARGET: Western Tight Gas Basins -
: Greater Green River Basins

-R&N COSTS. (Thuusands of 1977 Dellars)

o 5 , ' ' : " 5-Year ' (Strate

Strategy Elemcnts ‘ (Fr78)  FY79 FY8  FY 81  FY8  FY 83 Total ( Total)
1. Resource Characteriz_ation and Appraisal ;

s Technical Conmittee o ‘ ; ] : ( 900) 360 360 . 7 360 - 360 . 360 1,800 (2,700)

o EBasic Geological Studies v : o ' - ( 500) 400 1400 400 400 400 2,000 (2,500)

® Reservoir Measurement ‘ ( s500) 1,000 . 500 500 2,000 (2,500)

e Recovery and Economic Study : © (__200) 200 100 200 . 100 . 200 800 {(1,000)

SUBTOTAL : ‘ . - (2,100) 1,900 1,360 1,460 860 960 6,600 .. (8.700)

2. Improved Diagnostic Tools and Methods

'

s Lab Test‘ing, ' N 200) - 200 300 300 300 200 - 1,300 (1,500)

. & Developinent : s ‘ . 200)° 300 400 400 400 300 1,800 ~ (2,000)
SUBTOTAL ) o - 500 700 700 © 700 500 3,100 ‘ (3,500)

3. Field-Based Rusearch, Dove]opmént, and Demonstration’
e Cores (incremental costs) e L 750 375 375 ‘ 1,500 (1,500)
8 Resource Characterization Wells - - ‘ 5,000 - o 5,000 10,000 (10,000)
o Technical Tests : ' 2,500 2,500 5,000 (5,000)
& Technology Demonstrations 3,000. 3,000 3,000 3,000 12,000 {(12,000)
SUBTOTAL : 8,750 ‘ 5,875 3,375 5,500 5,000 28,500 (28,500)
4. Technology/Information Transfer B 100 100 100 100 100 500 ( 500)

TOTAL ERDA COST:

(2,500) 11,310 8,035 5,635 7,160 6,560 38,700  (41,200)

SLL-¢
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e ERDA pays for 75% of the incremental costs of the coring
program.

e ERDA pays for 50% of the resource evaluation and characteri-
zation wells.

e ERDA pays 50% of the incremental costs of each stimulation
stimulation treatment.

e ERDA pays 50% of the full costs of each production demonstra-
tion test.

7. Production Benefits

The anticipated production benefits from a.successful completion
of the full research and development program in Greater Green River are esti-
mated (at $3.00 per Mcf) as:

After Success-

Base Case ful R&D AQSDue to R&D*

(Tcf) (Tcf) (Tcf)

o Ultimate
Recovery 6.3 22.9 16.7

e Production

Rate in:
1985 0.1 0.6 0.4
1990 0.2 1.2 0.9
1995 0.3 0.9 0.7
2000 0.2 0.8 0.6

° Cumu]atfve
Production by:

1985 0.5 1.6 .

1
1990 1.5 6.8 ' 5.3
1995 2.8 11.9 9.0
2000 4.0 16.1 ‘ 12.1

*Totals may not add due to rounding
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8. Benefits and Costs'

J

- The key cost effect1veness measures (1ncrementa1 product1on per
dollar of ERDA cost) for the Greater Green River Basxn (at $3.00/Mcf) are:

.Cost-Effect1veness Measures

e Long Term Measure: '
Ultimate Recovery/ERDA 5- Year Costs

e Short
1990

Term Measure: ,
Cumulative Production/ERDA 5-Year Costs

Value

(Mcf/$)

432

137
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Program 1.3

TARGET: Western Tight Gas Reservoirs - Piceance Basin

R&D STRATEGY: Part a: Resource Evaluation and Characterization:
Obtain Data on Basin and Reservoir Pro-
perties Essential for Producing Tight,
Lenticular Formations

Part b: Technology Development: Develop Improved
Well Stimulation Technology .

1. Central Problem

Resource Problem (Part a)

The tight gas reservoirs of the Tertiary and Upper Cretaceous age
(often referred to as the Mesaverde) in the Piceance Basin have been cited
as a major target for increasing domestic gas supplies. Achieving this
target appears to first hinge on the essential question:

Is there sufficient gas in place, permeability, and pay
continuity to justify the drilling, fracturing and opera-
tion of wells? '

The problem is geological, requiring rigorous reservoir study to
understand and precisely measure what is there.

The first part of the R&D strategy, to Obtain Data on Basin and
Reservoir Properties Essential to Producing Tight, Lenticular Formations,

addresses the geological, resource characterization question.
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" Technical Problem (Part b)

Should SUfficientTy favorable resefvoir/conditions be found,
“recovering the resource depends on the second essential question:

Can a sﬁfficient'number of the distinct gas bearing lens
~in which the gas'is'contained be intersected with a frac-

. ture to ensure economic flow?

The second quest1on is technological, requ1r1ng the definition of
the conditions under which fractures can be made: a) to intersect and effec-
tively drain a'significant portion of the sand lens seen at the wellbore,
and/or (b) to enter sand lens not initially contacted at the wellbore.

The second part of this R&D strategy, to Develop Improved Well
Stimulation Technologyvfor-intersecting multiple pay zones and sand lens
from the same wellbore, addresses this technological question.

- Once the technology for intersecting multiple sand lens is achieved,
numerous additional research effbrts into fracture technology (e.g., proppant
concentrations, fluid design, injection procedures) and well production prac-
tices (e.g., post-clean-up water production) will be undertaken to .ultimately
develop the fesourbesAef the Piceehce'Basin on an eéonomica] basis.

2. Scope of the Effort

The overa]] target for the techno]ogy development program are the
_ t1ght, 1ent1cu1ar depos1ts of the Piceance Basin. ' ‘
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The specific target formations within this basin are the Upper
Cretaceous and Tertiary age formations as follows:

Industry Target Target Formations for

Basin ' ~__Formation . Advanced Technology
Piceance Corcoran/Cozette Fort Union

Other Mesaverde

The development of the extension (probable) area of this basin
would be dependent on the resource evaluation effort described in Program
1.1. The development of the possible areas of this basih require basic
geologic studies and resource characterization efforts focuseﬁ on ascer-
taining the potential size and economic feasibility of these less well-
defined areas.

3. R&D Goals

e To achieve the goals of Program 1.1 -- Resource Evaluation
and Characterization -- as they pertain to the Piceance
Basin.

e To establish the conditions under which a fracture will
traverse a significant portion of the sand lens contacted
at the wellbore.

e To determine under what conditions the fracture will effec-
tively intersect sand lens not initially contacted by the
wellbore.
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e To use successfully numerous, massive'hydraulic fractures
from the same wellbore. ' \ |

e To create and maintatn effective fracture conductivity,
particularly in the deeper formations.

e Assuming the above goals aré.met, the ultimate goal would
be to determine the technology that will provide the most
, econom1caT means for dr1TT1ng, completing, fracturing, and
' operat1ng gas we]]s 1n the Piceance Bas1n

4._YR&D.Activities

The R&D activities in this strategy would follow two parallel, but -
cTosely related sequences The f1rst is the Resource Evaluation and Charac-
terization sequence. Th1s sequence is prec1se1y the same as laid out in
Program 1.1, except that it is spec1f1c to the P1ceance Basin. To avoid
redundancy, its 1nd1v1dua1 tasks are not repeated here. The second sequence
are those tasks that relate spec1f1ca11y to the Technology Deve]opment component
of this strategy These are enumerated below. Essential coordination of the
two sequences of tasks would be ensured by a common proaect manager and by a
, comimon group of experienced experts overseeing and coord1nat1ng the efforts

under the respecttve task sequences. The R&D activities reTated to Technology
DeveTopment woqu cons1st of the sequence of tasks that fo]Tows

e Task 1 - The 1n1t1a1 task wou]d be to set forth the
~design spec1f1cat1ons for the technoTogxcaT tests-
defined below. |
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Task 2 - Identify wells that have been drilled (by industry)
into the deeper Mesaverde segment of the basin but where for
various reasons these deeper formations have not been pro-
duced. These wells in addition to the 20 resource charac-
terization wells from the Resource Evaluation and Charac-
terization sequence would serve as the locus for the tech-
nical tests of advanceq stimulation technology.

Task 3 - Use moderate size fractures in selected high qua]ity
sand intervals and then produce the well long enough to estab-
1ish the productive capacity and reservoir properties of the
well and determine the effectiveness of a moderate size frac-
ture for intersecting the pay.

Task 4 - The next step would be to use a series of large frac-
tures and improved proppants over large gross intervals (up to
600 feet each) to determine the capacity of massive hydraulic
fracturing to intersect multiple pays and sand lens not encou-
tered at the wellbore.

Task 5 - Test and apply various well stimulation and comple-~
tion practices to these wells to establish optimum practice.

Task 6 - Repeat the third, fourth, and fifth steps above in
sufficiently varied geologic settings to demonstrate the
technical feasibility and define the geologic conditions
that influence fracture effectiveness.
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e Task 7 - Running parallel to the technical tests of well

' stimulation and production practices would be a series
of major?confirmatipn projects designed to test the state
of evolution in fracture technology as applied to tight,
lenticular gas pays. These demonstration projects would
entail the full range of laboratory testing and correla-
tive intérpretation.before designing and applying the best
of the “$tate-of-the-art“ fracture tréatments. Multiple
fracturejtreatments would be applied to the entire Tertiary
and Mesaverde interval. Thorough production testing would
be'requi%ed for each fractured interval before moving up
the we11%to the next interval. Each would be documented
in detai] and disseminated to industry.
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5.  Manpower and Field Test Requirements

The levels of manpower and the numbers of cores, resource charac-
terization wells, and tests to carry out the above research, -development and
demonstration activities are provided on Exhibit 1.

The lower manpower requirements are based on considerable past
activity in the basin and the need to still gather key reservoir properties.
Program 1.3 in the Piceance Basin would rely héavi1y on work sponsored by
the other tight gas basins in improved diaghostic tools and methods.

The number of cores, wells, and tests are based on the need to
conduct, in the Piceance Basin:

e A full 20 core measurement program.
e A 10 well resource characterization well.
® Five technical tests of advanced well stimulation.

¢ Two major advanced production technology demonstrations.
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s EXHIBIT 1
TOTAL PROJECT/MANPOWER REQUIREMENTS @ ‘ TARGET: Western Tight Gas Basins -
F o . Piceance Basin
R&D ACTIVITIES (Physical Units)
. : ‘ : o 5-Year (Strategy
Strategy Elements : : _ (FY:78) FY 79 FY 80 FY81 - Fy 8 FY 83 Total Total)
1. Resource Characterization and Appraisal (man-years) - o _ : " ‘
e Technical Committee - : ' : - 2 2 2 2 2 10 - (10)
e Basic Geological .Stﬁdies ; Lo o ' 2 2 2 2 S 10 (10)
e Reservoir Properties Measurement B ' ' . 10 10 20 (20)
e Recovery and Economic Studies ’ ) 1 1 1 1 5 { 6)
2. Improved Diagnostic Tools and Methods (man-years) -
e lab Testing = .. : ‘ , n B Co : . (N
e Development ~ .. ‘ . ' ' . B (2) 1 ) 2 2 2 8 (10)
3. Field-Based Research, Development, and Demonstration (cores/wells)
e Cores o - ‘ - ‘ - 5 5 10 20 (20)
e Resource Characterization Wells ; " 5 5 10 (10)
e Technical Tests . o 5 5 { 5)

e Technology Demonstration _ : 2 2 (2)
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6. R&D Costs

The R&D activities listed in Exhibit 1 are translated into yearly

budgets in Exhibit 2 (Total Program Costs) and Exhibit 3 (ERDA Share
of Total Program Costs).

tions:

follows:

The line items in the budget are based on the following assump-

One fully supported professional man-year costs
$100,000.

The incremental cost of taking 1 foot of core is
$100; 1,000 feet of core would be taken per well.

The cost of drilling, coring, logging, and testing
a resource characterization well is $2,000,000.

The assumptions as to ERDA's share of total program costs are as

ERDA pays for 90% of the professional and support
costs of the Technical Committee.

ERDA pays for 100% of all other professional man-
year costs.

ERDA pays for 75% of the incremental cost of the
coring program. ’

ERDA pays for 50% of the resource evaluation and
characterization wells.
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EXHIBIT 2
TOTAL PROGRAM COSTS TARGET: Western Tight Gas Basins -
_ Piceance Basin
RD&D Costs (Thousands of 1977 Dollars)
: 5-Year (Strategy
Strateqy Elements ‘ ‘ (FY 78) FY 79 £Y 80 FY 81 FY 82 FY 83 Total Total)
¥. Resource Characterization and Appréisa] )
e - Technical Committee o e TUTR007TTTTUTTZ00T 2000 200 2000 U T,000 (11,0000
e Basic Geological Studies. ' 200 200 200 200 200 1,000 ( 1,000)
e Reservoir Properties Measurement . : ‘ 1,000 ‘1,000 2,000 ( 2,000)
e Recovery and Economic Studies ‘ {100) 100 100 100 100 100 500 {__600)
SUBTOTAL (100) 500 1,500 1,500 500 500 4,500 ( 4,600)
2. Improved’ Diagnostic Tools and Methods
e Lab Testing S : (100) ( 100)
e Development © (200) 100 _200 200 200 100 800 ( 1,08)
SUBTOTAL ; (300) 100 200 200 200 100 800 ( 1,100)
3. Field-Based Research, Development, and Demonstration
e Cores (incremental costs) 500 500 1,000 C 2,000 ( 2,000)
® Resource Characterization Wells ‘ o 10,000 10,000 20,000 (20,000)
e Technical Tests o _ ‘ 5,000 5,000 ( 5,000)
e Technology Demonstration . 6,000 6,000 12,000 (12,000)
SUBTOTAL S ’ 500 500 11,000 16,000 11,000 39,000 . (39,600)

TOTAL CO3T ~ (400) 1,100 2,200 12,700 16,700 11,600 44,300 (44,700)

LeL-¢
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EXHIBIT 3
ERDA SHARE OF TOTAL PROGRAM COSTS TR e hony s Basins -
RD&D Costs (Thousands of 1977 Dollars)
5-Year (Strategy
Strategy Elements (Fy_78) Y 79 FY 80 FY 81 FY 82 FY 83 Total _Total)
1. Resource Characterization and Appraisal
e Technical Committee 180 180 180 180 180 900 ( 900)
e Basic Geological Studies 200 200 200 200 200 1,000 (1,000)
e Reservoir Measurement 1,000 1,000 2,000 (2,000)
e Recovery and Economic Study (100) 100 100 100 _100 __loo __500 ( _600)
SUBTOTAL (100) 480 1,480 1,480 480 480 4,400 (4,500)
2. Improved Diagnostic Tools and Methods ‘
e Lab Testing ' (100) ( 100)
o Development (200) ~ 100 _200 200 200 100 800 (1,000)
SUBTOTAL {300) 100 200 200 200 100 800 (1,100)
3. Field-Based Research, Development, and Demonstration
e Cores (incremental costs) 375 375 750 1,500 (1,500)
e Resource Characterization Wells 5,000 5,000 10,000 (10,000)
e Technical Tests 2,500 2,500 ( 2,500)
e Technology Demonstration s o 6,000 6,000 { 6,000)
SUBTQTAL 375 375 5,750 5,000 8,500 20,000 {20,000)
TOTAL ERDA COST: (400) 955 2,055 7,430 5,680 9,080 25,200 {25,600}

8cL-¢t
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( 7. Production Benefits

The anticipated production benefits from a successful completion
of the full researéh and development program in the Piceance Basin are
estimated (at $3.00 per Mcf) as:

} Base Case After Successful R&D - /\Due to R&D*
_ | (Tcf) | ~:(ch). ‘ ' (Tcf)
e Ultimate ; i
Recovery ! 0.7 9.3 8.6
e Production
Rate in: .
1985 1 ** 0.2 ' 0.2
1990 f *x 0.5 ! : 0.5
1995 : *% 0.3 0.3
2000 | ** 0.3 0.3

o Cumulative o
Production by:

1985 0.1 0.6 , 0.5
1990 0.2 2.7 2.5
1995 0.4 - 4.7 4.3
2000 0.5 6.3 5.8

* Totals may not édd due to rounding
** Less than 0.05 Tcf per year
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8. Benefits and Costs

The key cost-effectiveness measures (incremental production dollar
- of ERDA cost) for the Piceance Basin (at $3.00 per Mcf) are:

Cost-Effectiveness Measures Value

(Mct/%)

e Long Term Measure:
Ultimate Recovery/ERDA 5-Year Costs 341

¢ Short Term Measure:
1990 Cumulative Production/ERDA 5-Year Costs 99
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TARGET: \Néstern Tight Gas Reservoirs - Uinta Basin

R&D STRATEGY: - Part a: Resource Evaluation and Characterization:
- Obtain Data on Basin and Reservoir Proper-
- ties Essential for Producing Tight,
Lenticular Formations

Part b: Technology Development: ‘Develop Improved
; Well Stimulation Technology

1. Central Problem

Resource Problem (Part a)

The tight gas reservoirs of the Tertiary and Upper Cretaceous age
(often referred -to as -the Mesaverde) in the Uintah Basin have been cited as
a major target for increasing domestic gas supplies. Achieving this target
appears to first hinge on the essentia1~question:"'

Is there sufficient gas in place, permeability, and
pay contmuzty to Justify the dr‘z,llmg, f'ractumng
~and operatzon of wells?" ’

The ppoblem,1s‘geolog1ca1,-requiring rigorous reservoir study to
understand and precisely measure what is there.

The f1rst part of this R&D strategy, to 0bta1n Data on Bas1n and
Reservo1r Propert1es Essential to Producing Tight, Lenticular Formations,
addresses the geo]og1ca1,_resource characterization question. '




3-132

Technical Problem (Part b)

Should sufficiently favorable reservoir conditions be found,
recovering the resource depends on the second essential question:

Can a sufficient number of the distinet gas bearing lens
in which the gas is contained be intersected with a frac-

ture to ensure economic flow?

The second question is technological, requiring the definition of
the conditions under which fractures can be made: (a) to intersect and effec-
tively drain a significant portion of the sand‘lens seen at the wellbore,
and/or (b) to enter sand lens not initially contacted at the wellbore.

The second part of this R&D strategy, to Develop Improved Well
Stimulation Technology for intersepting multiple pay zones and sand lens
from the same wellbore, addresses this technological question.

Once the technology for intersecting multiple sand lens is achieved,
numerous additional research efforts into fracture technology (e.g., proppant
concentrations, fluid design, injection procedures) and well production prac-
tices (e.g., post-clean-up water production) will be undertaken to ultimately
develop the resources of the Uinta Basin on an economical basis.

2. Scope of the Effort

The overall target for the technology development program are the
tight, lenticular deposits of the Uinta Basin.
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’ The specific target formations within this basin are the Upper
Cretaceous and Tertiary age formations as follows:

' Industry Target Target Formations for
Basin Formation Advanced Technology
Uinta | Wasatch ‘ ' Neslen

‘ Farrer
Castlegate

The development of the extension (probable) area of this basin
would be dependent on the resource evaluation effort described in Program
1.1. The devé]opﬁent of the possible areas of this basin require basic
geologic studies and resource character1zat1on efforts focused on ascer-
taining the potent1a1 size and economic feas1b111ty of these less well-
defined areas

3. R&D Goals

° To.achieve the goals of Program 1.1 -- Resource Evaluation
and Characterization -- as they pertain to the Uinta
Basin.

o To eétab]ish the'conditiohs under which a tracture will
traverse a significant portion of the sand lens contacted

at the we]]bore

¢ To determine under Whet conditions‘the‘fracture will effec-
tively intersect sand lens not initia]ly‘contacted by the
wellbore. '

e To contrb] the height of the fracture, where desired, such
that the 1nduced energy serves to proppagate fracture length
rather than ineffectual fractural height.
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e To use successfully numerous, massive hydraulic fractures
from the same wellbore,

¢ To create and maintain effective fracture conductivity,
particularly in the deeper formations.

® Assuming the above goals are met, the ultimate goal would
be to determine the technology that will provide the most
economical means for drilling, completing, fracturing, and
operating gas wells in the Uinta Basin.

4., R&D Activities

The R&D activities in this strategy would follow two parallel, but
closely related sequences. The first is the Resource Evaluation and Charac-
terization sequence. This sequence is precisely the same as laid out in -
Program 1.1, except that it is specific to the Uinta Basin. To avoid
redundancy, its individual tasks are not repeated here. The second sequence
are those tasks that relate specifically to the Technology Development component
of this strategy. These are enumerated below. Essential coordination of the
two sequences of tasks would be ensured by a common project manager and by a
common group of experienced experts overseeing and coordinating the efforts
under the respective task sequences. The R&D activities related to Technology
Development would consist of the sequence of tasks that follows:

e Task 1 - The initial task would be to set forth the
design specifications for the technological tests
defined below.
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Task 2 - Identify wells that have been drilled (by industry)
into the deeper Mesaverde segment of the basin but where for
various reasons these deeper formations have not been pro-

_duced.| These wells in addition to the 20 resource charac-

terization wells from the Resource Evaluation and Charac-
terization sequence would serve as the locus for the tech-
nical -tests of advanced stimulation technology.

Task 3 - Use moderate size fractures in selected high quality
sand iﬁterVa1s and then produce the well long enough to estab-
Tish the productive capacity and reservoir properties of the
well and determine the effect1veness of a moderate size frac-
ture for 1ntersect1ng the pay.

Task 4?- The next step would be to use a series of large frac-
tureS«énd improved proppants over large gross intervals (up to
600 feét each) to determine the capacity of massive hydraulic
fracturing to intersect. multiple pays and sand lens not encou-
tered at the wellbore.

[}

Task 5%- Test and apply various well stimulation and comple-
tion p&acticés to these wells to estab]ish optimum practice.

‘Task 6%- Repeat the third fourth, and fifth steps above in

uff1c1ent1y varied geologic settings to demonstrate the
techn1ca1 feasibility and define the geologic conditions
that 1nf1uence fracture effectiveness.
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e Task 7 - Supporting these technical tests would be basic
R&D for improving stimulation and well completion techno-
logy and applied R&D focused on improving recovery and
economic models, calibrated to the specific conditions of
the Tight Gas Formations.

e Task 8 - Running parallel to the technical tests of well
stimulation and production practices would be a series of
major confirmation projects designed to test the state of
evolution in fracture technology as applied to tight,
lenticular gas pays. These demonstration projects would
entail the full range of laboratory testing and correlative
interpretation before designing and applying the best of the
"state-of-the-art" fracture treatments. Multiple fracture
treatments would be applied to the entire Tertiary and Mesa-

verde interval. Thorough production testing would be required

for each fractured interval before moving up the well to the
next interval.

e Task 9 - A continuing task would be to thoroughly review,
analyze, and document the results and disseminate these
findings (with fullest possible detail) to the industry.
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5. Manpower and Fﬁe]d Test Requirements

The levels of manpower and the numbers of core resource characteri-
zation wells and technical tests to carry out the above research, development,
and demonstration activities are shown in Exhibit 1.

The manpbwer requirements are based on the considerable base of
knowledge that is being accumulated in the Uinta Basin and that needs to be
expanded in key areas.

The number of cores, wells, and tests are based on the need to con-
duct in the Uinta Basin:

A fu]ﬁ 20 core measurement program.

A 10 well resource evaluation program.

Ten technical tests of advanced well stimulation.

Four major advanced production technology demonstrations.




EXHIBIT 1

TOTAL PROJECT/MANPOWER REQUIREMENTS

Program 1.4

TARGET: Western Tight Gas Basins
Unita Basin
R&D ACTIVITIES (Physical Units)
, 5-Year (Strate§y

Strategy Elements ; (FY_78) FY 79  FY 80  FY 8 FY 82  FY 83  Total Total
1. Resource Characterization and Appraisal (man-years)

e Technical Conmittee (10) 4 4 4 4 4 20 (30)

e Basic Geological Studies (5) 4 4 4 4 4 20 (25)

e Reservoir Properties Measurement ( 5) 10 5 5 20 (25)

e Recovery and Economic Studies (1) i 2 1 2 1 7 ( 8)
2. Improved Diagnostic Tools and Methods {(man-years)

e Lab Testing 2 3 3 3 ‘13 (15)

e Development 3 4 4 4 18 (20)
3. Field-Based Research, Development, and Uemonstration (core/wells)

3 Cores 5 10 5 20 (20)

s Resource Characterization Wells 5 5 10 (10)

e Technical Tests 5 10 (15)

s Technoloqgy Demonstration 2 4 (4)
4. Technology/Information Transfer (man-years) ] 1 1 ] 1 5 ( 5)

geL-¢
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6. R&D Costs

v The R&D activities listed in Exhibit 1 are translated into yearly
budgets in Exhibit 2 (Total Program Costs) and Exhibit 3 (ERDA Share
of Total Program Costs).

" The line items in the budget are based on the following assump-
tions:

e One fully supported man-year costs $100,000.

e The inckementa] cost of taking 1 foot of core is $100;
1,000 feet of core would be ‘taken per well.

e The cost of drilling, coring, logging and testing a
resource characterization well is $2,000,000.

e The incremental cost of a multiple, massive hydraulic
fracture treatment is set at. $1,000,000 per well.

o The fu]j cost of each advanced production technology
demonstration test is $6,000,000, including drilling,
comp]etion, multiple fracturing, testing and suppor-
tive p]énning, management, and analysis.

The assumptions as to ERDA's share of tota1 program costs are as
follows:

e ERDA pays for 90% of the professionai and support
costs of the Technical Committee.



EXHIBIT 2
TOTAL PROGRAM COSTS

Program 1.4

TARGET: Western Tight Gas Basins
R3D COSTS (Thousands of 1977 Dollars) Uinta Basin
_ 5-Year  (Strategy
Strateay Elaments (Fy 78) FY 79 FY 80 FY 81 FY 82 FY 83  Total Total
1. Resource Characterization and Appraisal
¢ Technical Conmittee (1,000) 400 400 400 400 400 2,000 (3,000)
® Rasic Geological Studies ( 500) 400 400 400 400 400 2,000 (2,500)
e PReservoir Properties Measurement ‘ ( 500) 1,000 500 500 2,000 (2,500)
e Recovery and Economic Studies £ _100) 100 - _ 200 100 200 100 700 { _800)
SUBTOTAL (2,100) 1,900 1,500 1,400 1,000 900 6,700  (8,800)
2. Improved Diagnostic Todls and Methods
e Lab Testing { 100) 200 300 300 300 200 1,300 (1,400)
e Development . {_200) 300 400, 400 400 300 1,800 (2,000)
SUBTOTAL ( 300) 500 700 700 700 500 3,100 (3,400)
3. Field-Pased Research, Development, and Demonstration
e Cores (incremental costs) 500 1,000 500 2,000 (2,000)
e Resource Characterization Wells ‘ 10,000 10,000 20,000 (20,000)
e Technical Test 5,000 5,000 10,000 (10,000)
e Technology Demonstration 6,000 6,000 - 4,000 4,000 4,000 24,000 (24,000)
SUBTOTAL. 6,500 17,000 9,500 14,000 9,000 56,000 (56,000)
4. Technoloqy/Information Transfer 100 100 100 100 100 500 ( 500)
TOTAL COST (2,400) 9,000 19,300 11,700 15,800 10,500 66,300 (68,700)
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S EXWIBIT 3
* ERDA SHARE OF TOTAL PROGRAM COSTS

TARGET: Western Tight Gas Basins
. . Uinta - Basin '
RN CuSTS (Thousands of 1977 Dollars)

- S . T T T Ty - T e Ll : : ~5=Year. - ”(’Strategy
Strategy Elements S . ‘ T (Fv_78) FY 79 FY 80 FY 81 FY 82 ~ FY 83 .“Total . Total)

1. Resource Characterization and>Appra15al

pe

e Technical Committee 900)" 360 . 360 360 360 360 1,800 - (2,700)

(
e Basic Geological Studies ( 500) 400 400 - 400 . 400 - 400 2,000 (2,500) -
® Reservoir Measurement { 500) 1,000 500. .. 500 S 2,000  (2,500)
e Recovery and Economic Study {__100) 100 200 100 - 200 100 - . 700 . ( 800)
SUBTOTALl < ' . N ‘ (2,000) 1,860 1,460 . 1,360 960 . 860 . 6,500 .. (8,500)
2. lmproved Diagnostic-Tools and Methods
e LabTesting . o P ( 100) - 200 300 - 300 300 200 1,300 (1,400)
e Developuent - , B ' : (__200) 300 400 400 400 300 1,800 (2,000) -
SUBTOTAL *~ S (3000 - 500 700 700 700 500 3,100  (3,400)
3. Field-Based Researcb‘,,_Dev'elOpment,' and Demdnstra;ion '
e Cores (incremental costs) - o 375 750 ¢ . 375 s - 1,500 "':(1.500) _
® Resource Characterization Wells. ' N _ T : 5,000 5,000 10,000 (10,000)
e Technical Tests Lo & T ‘ S 2,500 ’ 2,500 5,000 (5,000)
e Technology Demonstrations o : ' : O 3,000 3,000 2,000 2,000 2,000 12,000 (12,000)
SUBTOTAL - o " . 3,375 8,750 4,875 7,000 4,500 28,500  (28,500)
4. Technology/Information Transfer R ‘ 100 100 100 100 100 500 { 500)

TOTAL ERDA-COST: | (2,300) 5,835 11,000 7,035 8,760 5,960 38,600  (40,900)

LrL-¢
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e ERDA pays for 100% of all other professional man-
year costs.

e ERDA pays for 75% of the incrémenta] costs of the
coring program.

e ERDA pays for 50% of the resource evaluation and
characterization wells.

7. Production Benefits

The anticipated production benefits from a successful research
and development program in the Uinta Basin are estimated (at $3.00 per Mcf)
as:

Base Case After Successful R&D Abue to R&D*

(Tcf) (Tcf) (Tef)

e Ultimate Recovery . 2.1 17.6 15.5
e Production Rate in:

1985 0.1 0.6 0.5

1990 0.1 1.1 1.0

1995 0.1 0.7 0.6

2000 0.1 0.5 0.4

e Cumulative Production

by:
1985 0.3 1.7 1.4
1990 0.7 6.7 6.0
1995 1.2 10.6 - : 9.4
2000 1.5 13.5 12.0

- * Totals may not add due to rounding
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8. Benefits and'C0sts

: The key cost-effectiveness measures (incremental production per
dollar of ERDA cost) for the Uinta Basin (at $3.00/Mcf) are:

Cost-Effectiveness Measures o . Value

(Mcf/%)

- e Long- Term Measure: :
U1t1mate Recovery/ERDA 5-Year Costs 402

° Short Term Measure:
1990 CUmu]atiye Production/ERDAAS-Year Costs 155
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I1. RESEARCH AND DEVELOPMENT STRATEGY FOR SHALLOW GAS DEPOSITS

The research and development strategy for the Shallow Gas Deposits .
is organized into three sections:

e Program 2.1: Characterize the Resource -and
Develop Advanced Technology in the Tight,
Shallow Gas Basins

e Program 2.2: Assess the Potential of Producing
Low Permeability, Shallow Gas Deposits With
Improved Technology

e Program 2.3: Optimize Recovery and Development
in Shallow, Near-Conventional Gas Sands

The strategies in this section are organized around distinct geologi-
cal targets, so each contains appropriate resource characterization and tech-
nology development tasks.
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TARGET:; ..Tight, Shallow Gas Bas1ns

R&D STRATEGY: Characterize the Resource and Deve]op Advanced Techno]oqy

7

1. Central Problem

Produc1ng format1on with very 1ow permeab111t1es and pressures,
part1cu1ar1y when the pay 1s “contained in laminar sequences of sand and
shale, requ1res that the sands be 1ntersected with vertical fractures. Under
conventional, unstimulated well completion, only 4 to 8 percent of the gas-
_ in-p1ace'is recovered due to the very low pressures»end‘permeabi1ities of
- these tight, shallow sands.. Inducing fractures<genera11y improves this re-
coveryjefficiency.‘_Fractures in the.hori;onta1~p]ane\wi]] raise recovery to
10 to 25 percent of the origiha] gas. Vertical fractures can increase the
recovery efficiency to 40 to 60 percent. However, creating vertical fractures
is currently'hampered by geological and“technological problems.

. The ged]ogical problems'include:

° 'Inab111ty to measure accurate]y ‘the 1n s1tu character1s-
t1cs of the gas reservo1r ‘ S :

e lack of understand1ng of the rock stress and strength
factors that 1nf1uence the plane (vert1ca1 versus hor1-
"u:zontal) of the fracture s extens1on

e Leck of~understand1ng of the or1g1n and'migration of the
gas. o |
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e Absence of extensive studies of the areal extent, gross
and net pay in the basins. ‘

The principal technological difficulties are:

o Designing the stimulation treatment to control the plane
of fracture extension.

e Increasing control of the fracture height so as to avoid
encountering aquifers. '

2. Scope of the Effort .

The scope of the tight, shallow gas targets consists of the low per-
meability, Upper Cretaceous formations of the Northern Great Plains Province
and Williston Basin in Montana.

Specifically, the target includes:

e The Judith River and Eagle formations in central Montana.
e The Bowdoin and Phillips formation in northern Montana.

e The Phillips formation in northcentral Montana.

3. R&D Goals

The research goals for this target are to accelerate development
of the basins and improve the recovery efficiency of the resource's exploi-
tation.
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Specifically,rthe program is to:

e Improve ﬁn situ measurement capability to define the
principal gas zones. |

e Quantify the in-place rock stresses and strength factors
that may cause the fractures to become horizontal.

e Define the generation, migration, and trapping of the
gas.

e Define the extent of the quality gas potential in the
province.

e Develop ihe ability to control the plane and height of
_ the fracture.

4. R&D Activities

- The actiVities required to reach the research goals listed above
consist of the following:

e Task 1 - Develop logging systems’capable of quantifying
~water and gas saturation, porosity and permeability in -
~the aTte}nating sahd,rsi1tstone, and shale sequences in
“these basins; calibrate log data against in situ measure-
ments of{permeability (to water and gas) obtained from

productibn tests in selected pay intervals and against
core measurements under simulated reservoir overburden
pressure} ‘ |

I
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Task 2 - Conduct laboratory and field research to improve
control of the plane and height of the fracture.

Task 3 - Conduct Tong term production tests to establish

the amount of gas in place in contact w{th fhe wellbore,
through natural permeability and fracture systems and
intersected by the'induced fracture; use this'point.gnalysis
data for estab]%shing improved spacing, well completion, and
fracturing design for increasing recovery efficiency.

Task 4 - Initiate basic geological/resource appraisal studies
to establish formation boundaries, permeability barriers, and
gas in place.

Task 5 - Drill a selected number of resource characterization
wells to establish the size of the gas potential in the more
speculative portions of the basin.

Task 6 - Conduct recovery and economic studies to refine and
establish the potential of the sands of this target; review
other basins to ascertain whether they should be added to
this program's target.

Task 7 - A continuing task wou1d be to thoroughly review,
analyze, and document the results of the above tasks and

to disseminate the results (with fullest possible detail)
to industry.



3-149

5. Manpower and Field Test Requirements

The levels of manpower and the numbers of cores and resource
characterization wells to carry out the above research, development, and
demonstration activities are shown in Exhibit 1.

’ The‘manpower requirements are based on the need to gather con-
siderable basic geologic and reservoir data in key areas.

The number of resource characterization wells, technical tests,
and demonstration tests are based on:

) Piacing a total bf 15 resource evaluation and characteri-
zation wells in the basin, with 5 wells in each of the
three tight formations of the basin. /

e Conducting 10 demonstration tests, 2 per formation.

° Conddcting 6 demonstration tests, 2 per major area.
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EXHIBIT 1 TARGET: Tight, Shallow Gas Sands

TOTAL_PROJECT/MANPOWER REQUIREMENTS

R&D ACTIVITIES (Physical Units)
' FY 78 : -
(FY 78) FY 79 FY_80 FY_8) FY 82 FY 83 ?OIS?' (%;:}fgy

Strategy Elements

1. Resource Characterization and Appraisal (mén-years)

‘e Basic Geological Studies (2) 2 2 2 » ) o
(12)
o Reservoir Properties Management (2) 2 2 2 2 N ) 0
(12
e Recovery and Economic Studies (M 1 1 1 ] ) 5 )
(6)
2. Improved Diagnostic Tools and Methods (man-years) 2 2 ) 2 ) 0
- (10)
3. Field-Based Research, Development, and Demonstration {cores/wells)
e Resource Characterization Wells . 3 3 3 3 3 '
15 (15)
e Technical Tests 2 2 2 ? » 10
(10)
e [Demonstration Tests ] 2 2 1 6 (
6)
1

4. Technology/Information Transfer (man-years)

0SL-¢€
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6. R&D Costs

The R&D activities Tisted in Exhibit 1 are translated into yearly
budgets in Exhibit 2 (Total Program Costs) and Exhibit 3 (ERDA Share of
Total Program Costs).

L

The 1in§ items  in the budget are based on the following assump-
tions: '

e One fully supported professional man-year costs $100,000.

e The cost of drilling, coring, logging, and testing a
resource characterization well is $100,000.

e The cost of conducting an advanced fracturing and well
completion test is $200,000.

e The cost of a demonstration test is $300,000.

The assumptions as to ERDA's share of total program costs are
as follows: | ' '

. @ ERDA pays 100% of the professional man-year costs for
resource characterization, measurement research, and
technology transfer.

e ERDA payé 75% of the costs of the resource characteri-
zation wells. '

o ERDA pays 50% of the costs of the technology and demon-
stration?tests. ’
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EXHIBIT 2 TARGET: Tight, Shallow Gas Sands
TOTAL PROGRAM COSTS

~ RD&D COSTS (Thousands of 1977 Dollars)

’ 5-Year (Strategy
Strategy Elements (Fy_78) FY 79 FY 80 Fy 81 FY 82 FY 83 Total Total)
1. Resource Characterization and Appraisal
e Basic Geological Studies (200) 200 200 200 200 200 1,000 (1,200)
e Reservoir Properties Measurement (200) 200 200 200 200 200 1,000 (1,200)
® Recovery and Economic Studies 100) _100 100 100 100 - 100 __500 {__600)
SUBTOTAL (500) 500 500 500 500 500 2,500 (3,000)
2. Improved Diagnostic Tools and Methods
° .Development. _
200 200 200 200 200 1,000 (1,000)
3. Field-Based Research, Development, and Demonstration
e Resource Characterization Wells 300 300 300 300 300 1,500 {1,500)
e Technical Tests 400 400 400 400 400 2.000 (2,000)
e Demonstration Tests L 300 600 600 300 1,800 {1,800}
SUBTOTAL 700 1,000 1,300 1,300 1,000 5,300 (5,300)
4; Techno1ogy/l‘nformation Transfer
100 100 - 100 100 100 500 ( 500)
TOTAL COST (500) 1,500 1,800 2,100 2,100 1,800 9,300 9,800).

I
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EXHIBIT 3
ERDA SHARE OF TOTAL PROGRAM COSTS

TARGET: Tight, Shallow Gas Sands

RD&D COSTS (Thousands of 1977 Dollars)

Strategy Elements N Comm mn me  me e me ey
1. Resource Characterization and Appfaisal ' : v i :
- e Basic Geological Studfes-— - ooy a0 a0t g 200 .20 1,000 (1,200
o Reservoir Propérties ‘Measurementv - o (200) 200 . 200 ' 200. B 200 200 1,000 k(] ,200)
* Recovery and Economic Studies™ ~ 7 : ' Q_QO_)_ 100 100 ' m 1_09. | 100 . 560 (_ 600)
’ SUBTQTAL : - (500) 500 500 500 500 - 500 72,500 (3,000)
2. improved Diagnostig Tools and Methods -
o Development
200 200 200 200 200 1,000 - {1,000)
3. Field-bBasedr Research, Development, and ‘Demonstration
e Resource Characteh’zatiqn wélls / 225 225 225 225 b 225 ‘,],17?245 (1,125)
® Technical Tests - 200 200 200 200 200 1,060 ~ {1,000)
e Demonstration Tests , » - 150 300 7 300 150 : 00 { 900)
SUBTOTAL i » 424 575 725 725 575 - 3,025 (3,125)
4. Technology/Information Transfer - , _»\ ‘
B 100 0 100 . 100 100 500  ( 500)

TOTAL ERDA COST:. - . {500) - 1.225 1.375 | 1.525 .1,525 1.378 1,025 :.Lléz_il

€5L-€
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7. Production Benefits

The anticipated benefits from a successful completion of the
research and development program in the Shallow Tight Gas Sands are esti-
mated (at $3.00 per Mcf) as:

Base Case After Successful R&D zf&Due to R&D

(Tcf) (Tef) . (Tcf)
e Ultimate Recovery 0 7.6 7.6
e Production Rate in:
' 1985 0 * *
1990 0 0.1 _ 0.1
1995 0 0.2 , 0.2
2000 0 0.3 0.3

e Cumulative Production by:

1985 0 0 0
1990 0 0.1 0.1
1995 0 0.9 0.9
2000 0 2.5 2.5

*l ess than 0.05 Tcf
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8. Benefits and Costs

The key éost effectiveness measures (incrementa] production
per dollar of ERDA cost) for the Shallow Tight Gas Sands (at $3.00° per

| Mcf) are:

Cost-Efféctivepess Measures

e {ong Term Measure: ,
U1t1mate Recovery/ERDA 5- Year Costs

~® Short Term Measure:

1990 Cumulative Production/ERDA 5-Year Costs

Value

- (Mcf/%)

1082

14
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TARGET: Low Permeability, Shallow Gas Sands

R&D STRATEGY: Assess the Potential of Producing These Deposits
With Improved Technology '

1. Central Problem

The major problems to be overcome in the low permeability shallow
gas sands are twofold:

e To discover the location of the more productive portions
of the basin.

e To recover as much of the gas in place as economically
feasible.

Locating the better quality pay and higher productive portions of
the basin poses the first challenge. Finding the gas can be done, in part,
through traditional exploratory efforts, however, several special problems
stand in the way:

e The depositional history of the area is such that there
is gas in place over considerable portions of the area;
though in low concentrations (i.e., with low gas filled
porosity); it may require the identification of special
structural features such as structural highs and natural
fractures for enough gas to be accumulated in any given

area.

e The pay in much of the area is thin, averaging from 5-20
feet; further, given the minerology of the formatior and
current well drilling and completion practices, identifying



3-157

the producible pay. poses considerab1e ¢hallenges to-
traditional logging techniques. '

Recovering as mueh of the gas in place as technically possible, the
second challenge, rests on the successfu1 app11cat1on of improved recovery
techno]ogy o ‘ ’ ~

e It appears that'current production may only recover
40-60 percent of the potentially recoverab]e gas in
place.

_ : . .The gas sands appear to be sequentxa]]y 1ayered with
h considerable shale sequences and with 1imited. commun1ca—
tion from well to well; for eff1c1ent drainage, a
fracture - will need to intersect (vertically) a series
of these_layered sands, inc]Uding those not in communica-
tion with the wellbore.

~ o The pay\is of low permeability, on the order of 1 md
and less; this combined with the low bottom hole
pressures (500-1500 psi) can 1ead to Tow product1on

‘rates and ear]y abandonment

2. Scope of the Effort

PRl PR

The scope of the 1ow permeab111ty, shallow gas target consist of
the Upper Cretaceous formations of the Northern Great Plains and Williston
Bas1n in Montana. : (The area for this 1nvest1gat10n was limited to Montana,
although the full iarget may, upon further study, extend to the Dakotas and
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to northern Wyoming; the formations were limited to the traditional sand-
stones and did not include the shales or marles that may, upon further
definition, prove to be commercially gas bearing.)

Specifically, the target consists of Judith River and Eagle forma-
tions over a 27,000 square mile area in eastern Montana, as bounded on the
South and East by formation boundaries and pinchouts.

3. R&D Goals

The research goals for this target are to identify the location
of the deposits and to economically produce them through improved technology.
Specifically, the program is to:

e Find and define the economically producible portion
of this possible shallow gas resource and accelerate
its development.

e Develop improved means for identifying the producible
gas bearing pays in the full Upper Cretaceous interval.

e Improve well drilling and completions such that
formation damage is reduced as much as possible.

e Establish the optimum field development, well stimulation
technology and production practices to improve gas
recovery to about 80 percent of the technically recover-
able gas in place.
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o Improve product1on rates and connect as much of the gas

pay to one well as possible.

R&D Activitiesi,

The acti
of the fo]]ow1ng

vities required to reach the R&D goals listed above consist

Vl‘Task .- Initiate[basic geological/resource appraisal
‘studies to establish formation boundaries, permeability

p1nch ~outs, and gas in place.

~ Task 2 - Develop reservoir evaluation procedures capable of
N quant1fy1ng water and gas saturat1on porosity and permeabi-

11ty nn the a]ternat1ng sand, siltstone, and shale sequences
typ1f1ed by the Upper Cretaceous interval; calibrate log
data aga1nst in situ measurements of permeability (to

: wateriand»gas) obtained from production tests in selected
.pay “intervals and against.core’measurements~Under

simulated reservoir overburden pressure.

i
1

Task 5 - Examine the nse of alternative well drilling
.approaches {e.g., air dr11]1ng) ‘to reduce format1on

Task 4 - Establish the amount of gas in b1ace in contact with.
the wellbore, through natural permeability and fracture
systens, and the amount intersected by induced fractures;

use this post-analysis data for establishing improved
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spacing, we]]‘compjetion, and fracturing design for
increasing recovery efficiency.

e Task 5 - Test alternative méans for intersecting the
layered pay sands, including testing differing size
fractures and the effectiveness of horizontal versus
vertical fractures. - o

e Task 6 - Collect, analyze, and disseminate the results
of the foregoing tasks, in fullest possible detail,
to industry. - '

5. Manpower and Field Test Requirements

The levels of manpower and the numbers of cores and resource
characterization wells to carry out the above research, development, and
demonstration activities are shown in Exhibit 1.

The level of manpower in resource characterization and diagnostic
testing over the life of the program in that area is now poorly defined,
with few wells over the large 27,000 square mile area.

The ten resource characterization and ten technology test wells
are required because of the large areal extent of the basin and the con-
siderable variation in reservoir properties anticipated over the basin.
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R&D ACTIVITIES (Physical Units)

Strategy Elewents

1.

Resource Characterization and Appraisal (han-yeprs)
» Basic Geological Studies : S
e Reservoir Propertiés Measurement

® Recovery and Economic Studies

Improved Diagnostic Tools and Methods (man-years)
e Lab Testing ‘ ‘ ‘
¢ Development

Field-Based Research, Development and Demonstration

(cores/wells)
¢ Resource Characterization Wells
s Tecknology Test Wells

Technolagy Information Transfer (man—years)

'EXHIB{IT 1

Prbgram 2.2

TOTAL PROJECT/MANPOWER REQUIREMENTS

o ‘TARGET: »Low-Peh@eability,'§ha1]ow Gas Sands

(STRATEGY

o E . R . 5-YEAR

(FY.78).. -FY 79  'FY_80 Fy 81 FY 82 Fv 83 JOTAL TOTAL)
(1) 1 1 A 5 (6)

1 1 4 (4

2 (2)

1 3 (3)

' 1 1 4 (4)

2 c2 . 0 (10)

2 2 .0 (10)

1 1 3

(3)

LaL-¢



3-162 o/

6. R&D Costs

The R&D activities listed in Exhibit 1 are translated into yearly

budgets in Exhibit 2 (Total Program Costs) and Exhibit 3 (ERDA Share of
Total Program Costs).

follows:

The line items in the budget are based on the following assumptions:
One fully supported professional man-year costs $100,000.

The cost of drilling, coring, logging, and testing a
resource characterization well is $100,000.

The cost of conducting an advanced fracturing and well
completion test is $200,000.

The assumptions as to ERDA's share of total program costs are as

ERDA pays 100% of the professional man-year costs for
resource characterization, measurement research, and
technology transfer.

ERDA pays 75% of the costs of the resource characteri-
zation wells.

ERDA pays 50% of the costs of the technology and demon-
stration tests. '



EXHIBIT 2
TOTAL PROGRAM COSTS

Program 2.2

TARGET: Low Permeability, Shallow Gas Sands

RD&D COSTS (Thousands 0f-1977 DOIIArs) - - ol e
) _ R . : ’ ‘ » 5-YEAR (STRATEGY
Strategy Elements ! {FY 78) FY 79 FY_80 FY 81 FY 82 FY 83 TOTAL TOTAL)
1. Resource Characterization and Ap;ir-a"isal - L ’ ‘ '
e Basic Geological Studies ) ~(100) 100 100 100 100 100 500 . ( 600)
e Reservoir Properties Measurement ) 100 100 100" 100 400 ( 400)
e - Recovery and Economic Studies 100 100 200 ( 200)
SUBTOTAL ' ] {100} 100 © 300 300 200 200 1,100 0 ,200)'
2. Improved Diagnostic Tools and Methodé ‘ ,
e lab Testing - : _ 100 100 100 ' ' 300 ( "300)
e Development =~ . - ' 100 100 100 100 400 ( 400)
‘ 'SUBTOTAL 100 200 200 100 100 700 ( 700)
3. Ffe]d—Based Researc‘h, Development a(nd Demonstration ‘ A k ‘
o Resnurce Characterization Wells ’ ; 200 200 200 200 200 1,000 ‘ (1,000)
] Technolody Test Wells S : ; 400 400 . 400 400 - 400 2,000 (2,000)
' -SUBTOTAL - » 600 600 600 600 600 3,000 (3,000)
4. Technology Information Transfer ‘
100 100 100 300 ( 300)

TOTAL COST

—~
-t
fonl
(=]

~—

800 1,100 1,200 1,000 1,000 5,100 (5,200)

€91-¢



EXHIBIT 3 Program 2.2
ERDA SHARE OF TOTAL PROGRAM COSTS

TARGET: Low Permeabiltity, Shallow Gas Sands

RD&D COSTS (Thousands of 1977 Dollars)

‘ ' 5-YEAR (STRATEGY
Strategy Elements (FY_78) FY 79 FY_80 FY 81 FY 82 FY 83 TOTAL _TOTAL).
1. Resource Charactgrization and Appraisal
e Basic Geological Studies (100) 100 100 100 100 100 500 ( 600)
® Reservoir Measurement 100 100 100 100 400 ( 400)
e Recuvery and Economic Study o 100 100 o o -200 {__200)
SUBTOTAL ' (100) 100 300 300 200 200 1,100 (1,200)
2. Improved Diagnostic Tools and Methods . ‘
e lab Testing _ 100 100 100 300 ( 300)
~® Development _ - o 100 I 100 100 400 (. 400)
- 'SUBTOTAL ' . ' 100 200 200 100 100 700 ( 700)
3. Field-Based Research, Development and Demonstration '
e Resource Characterization Wells 150 150 150 - 150 150 750 ( 750)
e Technology Test Wells _200 200 .200 200 ..200 1,000 (1,000)
SUBTOTAL . 350 350 350 350 350 1,700 (1,700)
4., Technology/Information Transfer
100 100 100 300 { 300)
TOTAL ERDA COST: (100} 550 750 950 750 750 3,750 (3,850)

poL-€
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- 7. Production Benefits

The ant1C1pated product1on benefits from a successful research
and development program in the low permeability, shallow gas sands are
estimated (at $3. 00 per Mcf) as:

- After Success-

 Base Case ful R&D Due to R&D*
(Tcf) (Tcf) (Tcf)
o Ultimate Recovery 1.5 12.8 1.3
e Production Rate in:
1985 ) N - - . . ( B _ -
1990 0.1 0.1 -
1995 , 0.4 - 0.6 0.2
2000 o 0.6 0.7 0.1

_o_Cumulative Production by:

1985 - - -
1990 | 0.2 0.2 -
1995 1.5 2.1 0.6

2000 4.4 5.7 1.3

* Totals may not add due to rounding
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8. Benefits and Costs

The key cost-effectiveness measures (incremental production per

dollar of ERDA éost) for the Low—Permeébility, Shallow Gas Sands (at $3.00
per Mcf) are:

Cost-Effectiveness Measures Value

(Mcf/3)

e Long-Term Measure:
Ultimate Recovery/ERDA 5-Year Costs 342

e Short Term Measure:
1990 Cumulative Production/ERDA 5-Year Costs -
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TARGET: Shallow, Near-Conventional Gas Sands

R&D STRATEGY: Optimize Recovery and Development

1. "Central Problem

~ The manr probiém to be solved in the shallow, near conventional
shal]ow‘gas reserﬁoirs is to ensure that: (a) as much of the resource is
developed as possib]e; (b) that appropriate market access and economics are
available to proddcers; and (c) the nation has as firm an estimate of the
ultimate size and%potentia] pace of development of thése deposits.

In,proddcing as much of the resohrce as possible the problems
appear to center on:

° Identifjing the full extent of the producible pay in the
gross interval. Given the minerology'and existing well
completion practices,’traditional well logging techniques
may not be identifying the lTower quality but potentially
producible gas bearing pays.

- e Existing well spacing énd well completion and production
bracticeg may be leaving from 10 to 30 percent of the gas
—1in p]acéﬁunproduced;'improved fracturing techhiqUes, closer
well spahing, and use of compressors could serve to econo-
mically recover much of the gas now left in the ground.
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The second problem of economics and access to market requires
that appropriate gas prices be established and that pipelines be built
to enable the gas to reach markets in short supply.

The problems of economics and access to market are integral to
the third issue -- ascertaining the size and production potential of this
resource target. It may be that the demand/supply analysis for these shallow
gas deposits must be examined from a national rather than a regional demand
perspective to assure that this ﬁbtential resource base is produced as judi-
ciously as possible in response to national gas needs.

2. Scope of the Effort

The scope of this shallow gas program consists of the Upper Creta-
ceous formations of the Northern Great Plains and the Williston Basins in
Montana. The three specific targets are:

e Extension development of the Judith River and Eagle
formations of the Tiger Ridge area of northwestern
Montana.

e Extension development of the Bowdoin and Phillips for-
mations of the Bowdoin Dome area of northcentral Montana.

e Exploratory development of the Frontier formations in
central Montana.

3. R&D Goals

The research goals for this target are to accelerate the economic
exploitation of this shallow gas resource by the independent producers pre-
valent in this geographic area. Specifically, the program is to:
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° :Deve]op means for 1dent1fying all potentially economi-
cally produc1b1e pay 1ntervais

\

° Establish the opt1mum development practices, 1nc1uding
the optimum use of small: fracturing, compre551on and
well comp]etion practices : L '

e Establish the uitimate size of the development and explo-
/ ratory resource. - .~ N

e Ensure adequate economics and access to market.

!“Acceieréte the‘time within'which this resource target would
~be produced.

4.  R&D Activities

| The actiV1t1es requ1red to reach the research goa]s listed above
con51st of the fo]]ow1ng '

e Task 1‘4 Deve]op well evaluation prbcedures capable of quantify-
ing water and gas saturation, por051ty, and permeability in the
a1ternat1ng sand, 511tstone, and shale sequences typified by
the Upper Cretaceous 1nterva],_ca11brate log data against in

“situ medsurements of permeability (to water and gas) obtained
from prdduction tests in selected pay intervals and against
core measurements under simuiated reservoir overburden pres-

_sure.
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Task 2 - Conduct long term product1on tests to establish
the amount of gas in place in contact with the wellbore,
'through natural permeability and fracture systems, and
intersected by the induced fracture; use th1s post analy-
sis data for establishing 1mproved spacing, well comple-
tion, and fracturing design for increasing recovery
efficiency.

Task 3 - Initiate basic geological/resource appraisal
studies to establish formation boundaries,_permeabi]ity
barriers, and gas in place.

Task 4 - Conduct economic, market demand, and transportation
studies, examining the potential of these resources from a
national gas demand view.

Task 5 - Drill a selected number of resource characteriza-
tion wells to establish the size of the gas potential in the
more speculative portions of the basin.

Task 6 - Transfer the results of the above analyses to public
and private officials in enough detail to guide overall
development of the resource.
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5. Manpower and. Field Test Requirements

The levels of manpower and the numbérs of cores and resource
characterization wells to carry out the above research development and
demonstration activities are shown in Exhibit 1.

_ The resource characterization manpower requirements are based
on the considerablé base of knowledge that has already been accumulated
and that needs to be expanded to support the extension drilling required
to develop this aréa. |

The twe]?e resource characterization wells and the twelve produc-
tion tests are based on the need to introduce at least one well and one
test into each of ihe potential gés bearing formations in the three dis-
tinct areas of this target.

3



R&D ACTIVITIES (Physical Units)

Strategy Elements

1. Resource Characterization and Appraisal (man-years)
e Basic Geological Studies
e Reservoir Properties Measurement

o Economic and Market Studies
2. 'Improved Diagnostic Tools and Methods (man-years)

e Lab Testing

e Development

e Resource Characterization Wells

® Production Tests

4, ~Technology/Information Transfer (man-years)

Program‘2.3

EXHIBIT 1
TOTAL PROJECT/MANPOWER RENUIREMENTS

TARGET: Shallow, Near Conventional Gas Sands

Field-Based Research, Development, and Demonstration {cores/wells)

5-Year (Strategy
(FY 78) FY 79 FY 80 FY 81 FY 82 FY 83 Total Total)
(1) ] 1 ] 1 1 5 ( 6)
1 1 ] 1 4 (4)
1 ] 1 ] 4 (4
1 1 ] -1 4 (4
1 1 1 1 4 (4)
3 3 2 2 2 12 (12)
4 4 4 12 (12)
1 ] 1 1 1 5 (5)

2LL-¢
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6. R&D Costs

The R&D act1v1t1es 11sted in Exhibit 1 are translated into yearly
budgets in Exh1b1t 2 (Total Program Costs) and Exhibit 3 (ERDA Share of
Total Program Costs)

The 11ne;1tems in the budget are based on the following assump-
tions: |

i

e One fu11§ supported professional man-year costs $100,000.
e The incremental costs of conducting a long term production
test is $50,000.
|
e The cost of drilling, coring, logging, and testing a
resource characterization well is $100,000.

The assuﬁptions as to ERDA's share of total program costs are as
follows: BE

1
|

l , - '
e ERDA pays 100% of the professional man-year costs for
resource|character1zat1on measurement research, and

techno]oéy transfer.

e ERDA pays 75% of the costs of the resource characteri-
zation wells.




EXHIBIT 2 Program 2.3

TOTAL PROGRAM COSTS

TARGET: Shallow, Near-Conventional Gas Sands

RDAD COSTS (Thousands of 1977 Nollars)

VLL-€

. 5-YEAR (STRATEGY
Strategy Elements (FY 78) FY 79 FY 80 FY 81 FY 82 FY 83 TOTAL TOTAL)
1. Resource Characterization and Appraisal

e Basic Geological Studies (100) 100 100 100 100 " 100 500 ( 600)
e Reservoir Properties Measurement 100 100 100 100 400 ( 400)
e Recovery and Economic Studies o 100 100 - 100 100 L __400° (__400)
SUBTOTAL (100) 200 300 300 200 200 1,300 (1,400)
2. Improved Diagnostic Tools and Methods
e Lab Testing 100 100 100 100 400 ( 400)
e ODevelopment _10o 100 00 _100 400 {._400)
SUBTOTAL ' 100 200 200 200 100 800 ( 800)
3. Field-Based Research, Development and Demonstration
e Resource Characterization Wells 300 300 200 200 200 1,200 (1,200)
e Production Tests . ' 200 200 200 __600 {_600)
SUBTOTAL 500 300 400 200 400 1,800 (1,800)
4. Techaology Information Transfer
100 100 100 100 100 500 ( 500)
TOTAL COST (100) 900 900 1,000 800 800 4,400 (4,500)

C | | C




Program 2.3
EXHIBIT 3

ERDA SHARE OF TOTAL PROGRAM COSTS o

-

» TARGET : Sha]]éw, Near-Conventional Gas Sands

RD&D COSTS (Thousands of 1977 Dollars)

s ’ o . 5-YEAR (STRATEGY
Strategy Elements ' (FY_78) FY 79 FY_80 FY 81 FY 8  FYs83 - TOIAL TOTAL)
1. Resource Characterization and Appraisal ;
® Basic Geological Studies (100) 100 100 100 100 100 : 500 ( 600)
® Reservoir Measurement - i 100 100 100 100 ' 400 (- 400) w
. : N
.Recovery and Economic Study _100 _100 100 100 o 400 { _400) 3
S - o
SUBTOTAL s . (100) 200 : 300 300 300 - : 200 1,300 (1,400) ‘
2. Improved Diagnostic Tools and Methods ‘ ) .
¢ Lab Testing : : 100 ~ 100 100 100 . 400 ( ao00)
¢ Development - — oo, oo 100 100 400 {__400)
SUBTOTAL o 100 200 200 200 100 800 ( 800)
3. Field-Based Research, Deyelopment and Demonstration
® Resource Characterization Wells » 225 225 150 150 -150 900 { 900)
e Production Tests E 100 L 100 100 300 (_300)
' SUBTOTAL . : . 325 225 250 150 250 1,200 (1,200)
4. Technology/Information Transfer
100 100 100 100 100 500 ( 500)

TOTAL ERDA COST: (100) 725 825 850 750 650 3,800 (3,900)
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7. Production Benefits

The anticipated production benefits from a successful

research and deveTopment program in the Shallow, Near Conventional Gas
Sands are estimated (at $3.00 per Mcf) as:

After
Successful AN
Base Case R&D Due to R&D*
(Tcf) (Tcf) (Tcf)
1. Ultimate
Recovery 9.8 12.1 2.3
2. Production
Rate In
1985 0.4 0.5 0.1
1990 0.5 0.8 0.3
1995 0.4 0.4 -
2000 0.3 0.3 -
3. Cumulative
Production By
1985 1.4 1.6 0.2
1990 4.0 5.6 1.6
1995 6.1 8.1 2.0
2000 7.6 9.9 2.3

* Totals may not add due to rounding.
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8. Benefits and bosts

The key;cost-effectiveness measures (incremental production per
‘do1lar of ERDA: cost) for the Shallow, Near-Conventional Gas Sands (at
$3.00 per Mcf) are '

'COSt-Effectiveness Measures ' : ‘ - Value

(Mcf/%)

e Long. Term Measure: o
U1t1mate Recovery/ERDA 5- Year Costs ‘ 605

L ShortiTerm Measure:
1990 Cumulative Production/ERDA 5-Year Costs 421
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III. RESEARCH AND DEVELOPMENT PROGRAM FOR OTHER TIGHT LENTICULAR
GAS SANDS

The research and development program for the Other Tight Lenti-
cular Gas Sands consists of one strategy:

e Develop Improved Well Completion Technology Along
With the Means for Intersecting Multiple Sand Lens

This strategy contains resource characterization as well as
technology development tasks.
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Program 3

TARGET: | Other T1ght Lent1cu1ar Gas Sands

R&D STRATEGY: DeVélop'Improved Well Completion Technology Along
R - ~ With the Means for Intersecting Multiple Sand Lens

i

1. Central Problem'

Beyond the three Western Tight Gas Basins, the United States
has several other basins with low permeability and lenticular gas pays,
including the Sonora, Big Horn, the Douglas Creek Arch, and the tighter
marginal areas of ithe "near tight" 1ent1cu1ar basins. The problems here
are not as form1dab]e as those found in the Western Basins. The quality
of the pay is more read11y 1dent1f1ed and is genera]]y better than in the
Western basins. Moreoever, the lenses tend to be somewhat 1arger. These
basins, however, ﬁace other unique challenges, ‘particularly in well

completion and control of fracture extensions.
! B

Thus wh11e the better port1ons of severa] of these other tight,
lenticular bas1ns\are be1ng developed by 1ndustry with existing technology,
development in the marginal portions has been slow, erratic and generally
uneconomic. |

. It appears that, 1ike the Western basins, the ch1ef feature
k\requ1rement for ach1ev1ng successfu1 comp]et1on is to connect the fracture
. with both the sand 1ntersected by the wellbore and with. other lenses in
1nterwe11 areas.,,In the better section of these basins the recovery from
sands observed at ithe wel] may be adequate for an econom1c return, but does
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not deplete all the sands that are in the range of the producing well.
Moreover, there are considerable portions of these basins in which a well
penetrating a single sand or lens is hot}profitable. In order to secure
additional recoveryAand the economic development of such marginal portions
of these basins, the following principal achievements are expected:

e The fracture intersects severalvor the full com-
plement of.gas sand lenses in the drainage area.

e The efficiency of the fracture process is improved
so that more of the effective fracture length remains
in the net pay.

o The effectiveness of the fracturing technology is
improved sufficiently to insure optimum drainage
and thus higher production from lenses that now can
be intersected.

As one or more of these conditions begin to be achieved, ERDA will
make a valuable contribution toward solving the technical and economic prob-
lems that impede development within these basins.

2. Scope of the Effort

The specific targets that have been identified and are included
in this analysis of the program in the other tight lenticular gas sands are
three basins, the Canyon sand of the Sonora Basin in western Texas, the Mesa
Verde section of the Big Horn Basin, and the Mancos and Dakota formations
of the Douglas Creek Arch in western Colorado.
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3. R&D Goals

e To establish the specific geologic and reservoir properties
in the other tight, lenticular gas basins, particularly the
shape and dimensions of the sand lenses and their interconnec-
tion. ' ‘

e To ascertaln under what rock stress and strength conditions:
(a) a fracture will only intersect (traverse through) the
- sand 1enses intersected by the wellbore; or (b) will intersect
other sand . lens removed from the wellbore::

. ‘To determlne the fracture aZ1muth and opt1ma1 deve]opment
" pattern for the basins.

e To deve]op and demonstrate the’ optlmal fracture f1u1ds and
~ propping agents for each bas1n and to improve the ability
~to control the fracture

4. RAD Activities

The research and development aCtivities required to reach the
above goals consist of the following steps:

® Task 1 L Conduct geologic and'reserroir studies to identify‘
‘the: s1ze, dimension, and cont1nu1ty of the gas bearing sand
1enses.¢» : E : : :

- e« Task 2- F'Use core.and logging studies and.occasional forma-
- tion breakdown tests to determine fracturing characterlstics
~of. the format1on and adgacent beds. :
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e Task 3 - Conduct basic and applied research in improving
fracture technology, including means for:

improving fracture fluid compatibility
-~ determining fracture azimuth
-- controlling vertical height of fractures

improving fracture conductivity.

e Task 4 - Conduct MHF, technical tests on selected wells to
determine optimum frac size and production characteristics
of the stimulated well. It is anticipated that these tests

~ will consist of using existing or new wells of opportunity
rather than drilling new wé]]s.

e Task 5 - Conduct demonstrations tests in each basin to
apply best available well completion and fracture
technology to the specific geological settings.

e Task 6 - Document the above activities and disseminate the
findings to industry.

5. Manpower and Field Test Reguirements

The levels of manpowef and the numbers of technical and demonstra-
tion tests required to carry out the above tasks are shown in Exhibit 1.

Six technical tests and six deomonstration tests are anticipated.
Depending on the outcome of the geological and applied R&D, these would
tentatively be allocated three of each type test“to the Sonora Basin, two
of each to the Big Horn Basin, and one of each to the Douglas Creek Arch.

C



Program 3

EXHIBIT 1’
TOTAL PROJECT/MANPOWER REQUIREMENTS

TARGET: Other Tight Lenticular Basins

R&D ACTIVITIES (Physical Units)

Strategy Elements {FY 78) FY 79 FY 80  FY 8 Fre2  Frey ol ($323%§gy
1. Resource Characterization and Appraisal (man-years) ' : :
o Reservoir Properties Measurement : s ‘ . 5 5 5 5 5 B 275” - (25) 7
® Recovery and Economic Studies =~ B | ‘ -3 3 3 3 3 15 (15)
e Geological and Rock Mechanics Studies _ : S5 5 5 5 5 25 (25)
2. Improved Diagnostic Tools and Methods (manl-years)’l,’(
e Testing Fracture Technology »A L R s T g | - 3 3 7 (7
e Development of Measurement Techno)pgy S - 4 4 4 4 4 20 (20)
3. Field-Based Research, Development, and Demonstration (cores/wells)
. Téchnical Tests o i , N ‘ ’ 1 2 R 1 _ 6 ( 6)
. Demonstratign Tests ; o ; _ | o : B 2 1 . 6 ( 6)

4. Technology/Information Transfer-(mah-years) o i ' . 3 3 3 3 12 (12)

ggl-¢€
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6. R&D Costs

The R&D activities listed on Exhibit 1 are translated into yearly

budgets in Exhibit 2 (Total Program Costs) and Exhibit 3 (ERDA Share of
Total Program Costs).

tions:

follows:

The line items in the budget are based on the following assump-

One fully supported man-year costs $100,000.

The incremental cost of a multiple, massive hydraulic
fracture treatment for technical tests is set at
$1,000,000 per well.

The full cost of each advanced production technology
demonstration test is $3,000,000, including drilling,
completion, multiple fracturing, testing and suppor-
tive planning, management, and analysis.

The assumptions .as to ERDA's share of total program costs are as

ERDA pays 100% of the professional and support man-
year costs of the Technical Committee.

ERDA pays 50% of the incremental costs of each sti-
mulation treatment.

ERDA pays 50% of the full costs of each production
demonstration test.
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EXHIBIT 2
TOTAL PROGRAM COSTS

TARGET: Other Tight Lenticular Basins

RD&D Costs (Thousands of 1977 Dollars)

. 5-Year (Strategy
Strategy Elements . . « . . ~ (FY_78) FY 79 FY 80 FY 81 FY 82 FY 83 Total Total)
1. Resource Charactem‘iation and Appraisal '
e Reservoif;?mp.ertjes,Measu,r:e,ment I 500 500 . &00.. 500 500 ,2;500,, ,4,,(2.,500),4,,, I
'+ Recovery and Economic Studies 300 300 300 300 300 1,500 (1,500)
"« Geological and Rock Mechanics Studies 500 500 Eo_o 500 500 2,500 {2,500)
© susTOTAL B R © 1,300 1,300 1,300 1,300 1,300 - 6,500 (6,500)
2. Imprbvéd Di}agnostic Tools and Methods - .
. ‘ljab'Te‘sting 200 400 400 - 400 300 1,700 (1,700)& é‘
e Development B . 400 400 400 400 400 2,000 (2,000) <
susToTAL | : 600 800 800 - 800 700 3,700 - (3,700)
3. Fielld-B'ased( Research, Development, and Demonstration
e Technical Tests o | 1,000 2,000 2,000 1,000 6,000 (6,000)
e Demonstration Tests B : . 3,000 6,000 6,000 3,000 18,000 (18,000)
SUBTOTAL 1,000 © 5,000 8,000 7,000 3,000 24,000 (24 ,000)
4. Technology/Information Transfer | ‘ 300 300 300 300 1,200 ( 1,200)

TOTAL COST ' 2,900 7,400 10,400 9,400 5,300 35,400 (35,400)
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EXHIBIT 3
ERDA SHARE OF TOTAL PROGRAM COSTS

TARGET: Other Tight Lenticular Basins

RD&D Costs (Thousands of 1977 Dollars)

5-Year (Strategy
Strategy Elements (FY 78) FY 79 FY 80 FY 81 Fy 82 FY 83 Total Total)
1. Resource Characterization and Appraisal
e Reservoir Properties Measurement 500 500 500 500 500 2,500 (2,500)
e Recovery and Economic Studies 300 300 300 300 300 1,500 (1,500)
# Geological and Rock Mechanics Studies 500 500 500 500 500 2,500 (2,500)
SUBTOTAL 1,300 1,300 1,300 1,300 1,300 6,500 (6,500)
2. Improved Diagnostic Tools and Methods
e Lab Testing 200 400 400 400 300 1,700 (1,700%
o Development 400 400 400 400 400 2,000 (2,000)
SUBTOTAL 600 800 800 -800 700 3,700 {3,700)
3. Field-Based Research, Development, and Demonstration
. Technical Tests 500 1,000 1,000 500 : 3,000 (3,500)
» Demonstration Tests — 1,500 3,000 3,000 1,500 9,000 9,000)
SUBTOTAL 500 2,500 4,000 3,500 1,500 12,000 (12,000)
4, Technology/Information Transfer 300 300 300 300 1,200 (1,200)
- TOTAL ERDA COST: 2,400 4,900 6,400 5,900 3,800 23,400 (23,400)

981-€
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7. Prdduction Benéfits

The ant1c1pated production benefits from a successful completion
of the research and deve]opment program for other T1ght Lenticular Gas
. Sands are est1mated (at $3.00 per Mcf) as:

Base Case After Successful R&D Due to R&D

(Tcf) (ch) _ (Tcf)
e Ultimate Recovery 14.7 - 23.7 8.9
e Annual Productibn':
Rate In
1985 | 0.2 0.3 *
1990 | 0.4 0.7 0.2
1995 o 0.6 0.9 0.3
2000 | 0.6 1.0 0.4
e Cumulative Product1on .
By |
1985 | 0.8 1.0 0.2
1990 L 2.7 3.7 1.0
1995 T 5.4 7.8 2.4
2000 | 8.5 12.8 4.3

* Less than 0.05 Tc¢f
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8. Benefits and Costs

The key cost—effectivéness resources (incremental production
dollars of ERDA cost) for the Other Tight Lenticular Gas Sands (at
$3.00 per Mcf) are: '

Cost-Effectiveness Measures Value

(McF/3)

e Long Term Measure:
Ultimate Recovery/ERDA 5-year Costs 380

e Short Term Measure:
1990 Cumulative Production/ERDA 5-year Costs 43
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IV. RESEARCH AND DEVELOPMENT STRATEGY FOR THE TIGHT,
BLANKET GAS SANDS -

The research and deve]opment strategy for the Tight Blanket
Gas Sands consists of one program:

. Deve]op Optimum Recovery Strategies to Fully
Exploit the Available Resource
“ The'abdre R&DWStrategy contains resource characterization as
: we]]-asktechnOTOgy{deverpment‘tasks;
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Program 4
TARGET: Tight, Blanket Gas Sands

R&D STRATEGY: Develop Optimum Recovery Strategies to
Fully Exploit the Available Resource -

1. Central Prob]em

A significant portion of the identified, but as of yet undeveloped
domestic gas resource, is in the tight, blanket-type gas basins.

Until recent advances in technology and increases in price,.much
of this resource was considered unrecoverable. Currently, development is
being pursued by the industry in many of these basins, although the high risk
nature of the techno1ogy serves as a severe constraint on the pace of applica-
tion. In addition, although a small number of the operators have experimented
with different fracture and field development designs,'much of the current
development follows a trial and error approach. There is presently an oppor-
tunity to accelerate the pace of drilling and to systematically test for the
optimum development pattern and stimulation technology.

More specifically, three problems should be addressed:

e Vertical control. Under certain rock stress and depositional

conditions, the massive fractures needed to exploit the re-
source will tend to leave the net gas pay after extending
laterally for a relatively short distance, either rising or
falling, so that the effective fracture length is only that
distance actually in the pay. Improved vertical control
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will permﬁt both more economic production (because smaller
fluid vo]hmes for a given fracture length would be required)
and greater recovery (because ‘of the greater effect1ve frac-
ture 1ength)

o We11~spacﬁng,i Full understanding of the regional stress pat-
terns that determine the azimuth of the fractures would facili-
tate optimal well-spacing patterns and minimize the chance of
interference in the drainage areas of each well.

o thimizinﬁjthe stimulation design. Each basin has somewhat
- differing characteristics that will call for tailoring of the
‘fracturing fluids, proppant selection, and.the size of the
- fracture tor maximum ecbnomicirecovery' A program of syste-
matic var1at1on of these factors could help the operators

determ1ne the opt1ma1 st1mu1at1on design.

2. Scope of the Eftorta
The basins and formations inc1nded4in this target are the following:

e Cotton Valley Trend --’the Sand Trend through East Texas,
Southern Arkansas and Northern Lou1s1ana and the G11mer
Timestone in East Texas

e Quachita Mountains Province'-- the massive Missippian sec-
~ tion in Central Arkansas and Eastern Oklahoma.

|
|
|
!
1
|
1
I
1
l
|
i
|
|
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e Denver Basin -- the Sussex, Niobrara, and Dakota formations
in Eastern Colorado. ' ‘ ‘

e . San Juan Basin -- the Dakota fofmation in Southwestern Colorado
and Northwestern New Mexico.

e Raton Basin -- the Dakota formation in Southern Colorado and
Northeastern New Mexico.

3. R&D Goals

e To verify the initial appraisals of sand pay geology and
geometry that have Ted these basins to be designated as
blanket-pay type basins. This includes confirming quanti-
tative accuracy of logging and core analysis techniques
developed in other tight gas programs.

e Measure stress and strength of sand and shale sequences
to ascertain fracture extension limitations.

e To ascertain the optimum field development and fracture
design for each basin.

¢ To transfer information on the optimum field development
and fracture design criteria to industry.
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R&D Act1v1t1es *

_: The research and deve]opment steps wou]d be as follows:

i Task 1 -’Conduct a focused resource appra1sa1 effort in
“probab]e and poss1b1e areas toward 1dent1fy1ng the pay

sand geometry, cont1nu1ty, and permeab111ty

Task 2 - Exam1ne add1t1ona1 basins to ascerta1n the extent
to wh1ch these should be added to th1s target, us1ng core
and 1ogging stud1es and occas1ona1 formation breakdown tests

“to determ1ne case of fracture extension 1atera1 vs vert1ca1

Task 3 ajObtain data and help defray measurement costs on .
reviews of alternative field development and fracture design
experimehts to.ascertain optimum recovery and economics for
eachttight, b]anket pay gas basin. '

Task 4 - Ana]yze the results of these experiments, as well as
all other industry efforts in these basins.

Task 5 -3Transfer‘the "best practices" technology to industry.
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5. Manpower and Field Test Requirements

The levels of manpower required to carry out the above research,
development, and demonstration activities are’provided on Exhibit 1. Note
that no ERDA-sponsored technical or demonstration tests are included. The
strategy is to "buy-in" on selected wells of opportunity by supporting
higher levels of measurement, data analysis, and reborting that operators
would normally not perform.

The decreasing manpower requirements are based on the considerable
base of knowledge that has already been accumulated but still requires detailed
analysis as well as the need to gather additional data on pay geometry and
rock mechanics.



EXHIBIT 1

TOTAL PROJECT/MANPOWER REQUiREMENTS

R&DACTIVITIES (Physical Units)

Strategy Elements (Fy_78)

Program 4

TARGET: Tight, Blanket Gas Sands

5-YEAR (STRATEGY

-1. Resource Characterization and Appraisal (man-years)

e Appraise sand pay geometry (5)
e Analyze and simulate field test results

s Geology/rock mechanics - field and
laboratory ‘

2. Field-Based Research, Development and
Demonstration (wells)
e (btain experimental
demonstration data

3. Technology/Information Transfer (man-years)

FY 79 FY 80 FY 81 FY 82 FY 83 TOTAL TOTAL)
| ?
5 5 20 (25) —_
: O .

5 5 -5 25 (25) o

5 5 5 15 (15)

3 3 3 3 3 ) 15 (15)

5 5 5 5 5 25 (25)
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6. R&D Costs

The R&D activities listed in Exhibit 1 are translated into yearly
cost budgets in Exhibit 2 (Total Program and ERDA Costs).

The line items in the budget are based on the following assump-
tions:

e One fully supported man-year costs $100,000.

e The incrementa] cost of experimental/demonstration
data is $200,000 per pilot test.

‘
The assumption is that ERDA will pay the full costs of this program
in that all the activities are incremental to ongoing activities by industry.



- R8D ACTIVITIES (Thousandsof 1977 Dollars)---

Strategy Elements

* 1. Resource Characteriiation and Appraisal

e Appraise sand pay geometry

e Analyze and simulate field test results

e Geology/rock mechanics
laboratory

SUBTOTAL

- field and

2. Field-Based Research, Development and

Demonstration

e (Obtain experimental
demonstration data

3.. Technology/Information Transfer

TOTAL AND ERDA COST

: ‘ : © 5-YEAR (STRATEGY
(FY 78) FY 79 FY 80 FY 81 FY 82 FY 83 TOTAL TOTAL)
. (500) 500 500 500 500 . 2,000 ( 2,500)
T k00 '500° 500 500 500 2,500 ( 2,500)

500 500 500 1,500 (1,500)
(500) 1,500 1,500 1,500 1,000 500 6,000 = ( 6,500)
600 . 600 600 600 600 3,000 { 3;000)
500 500 500 500 500 2,500 ( 2,500)
(500) 2,600 2,600 2,600 2,100 1,600 11,500 (12,000)

EXHIBIT 2

~ TOTAL AND ERDA PROGRAM COSTS

- Program 4

TARGET: Tight Blanket Gas Sands

L61-¢
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7. Production Benefits

The anticipated benefits from a successful research and
demonstration program in Tight, Blanket Gas Sands are estimated (at
$3.00 per Mcf) as: '

After
Successful
Base Case - R&D Due to R&D
(Tcf) - (Tcf) (Tcf)

1. Ultimate ‘

Recovery 50.6 65.8 15.2
2. Production

Rate In

1985 0.9 1.3 0.4

1990 1.6 2.8 1.2

1995 2.0 2.8 0.8

2000 2.0 2.5 0.5
3. Cumulative

Production By

1985 3.0 4.7 1.7

1990 9.8 16.6 6.8

1995 19.2 30.7 11.5

2000 29.6 44.4 14.8
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8. Benefits and Costs

The key cost-effectiveness measures (incremental production per
dollar of ERDA cost) for the T1ght Blanket Gas Format1ons (at $3.00 per
Mcf) are:

" Cost-Effectiveness Measures Value

(Mcf/7%)

e lLong Term Measure:
_ U]t1mate Recovery/ERDA 5-Year Costs 1322

e Short Term Measure:
1990 Cumulat1ve Production/ERDA 5-Year Costs 591
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V. RESEARCH AND DEVELOPMENT STRATEGY FOR THE OTHER LOW
PERMEABILITY GAS DEPOSITS :

The research and devé]opment strategy for the Other Low Permeabi-
1ity Gas Deposits consists of one program:

e Assist Operators Define Reservoirs and Use
Optimum Fracturing Technology

The above R&D strategy contains resource characterization as well
as technology development tasks.
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TARGET: Other Low Permeabi]ity Gas ﬁeposits

R&D STRATEGY Assﬁst Operators Def1ne Reservo1rs and Use
' ) 0pt1mum Fractur1ng Techno]ogy o ‘

1. Central Problem

Beyond the gas supplies that are expected to be‘added by new explo-
ration and the development of existing conventional gas reservoirs, reser-
voirs with permeabilities of 0.05 md to 1 md, falling outside the definition
of tight gas formations, provide a high probability, near-term potential for
augmenting domestit gas supp]ies.>“ |

Because these near-tight reservoirs are so close to conventional
gas reservoirs and can be produced with essent1a11y available technology,
the target here is ma1n1y one of acce]eratlon, risk (and cost) reduction,
-and technology trahsfer to st1mu1ate the exped1t1ous deve]opment of this
resource. A full and thorough understand1ng of geo]ogy and geometry of the
sand deposition may be the single most important contribution in this area.

After research1ng the full resu]ts from geologic studies, risk
reduction, and techno]ogy transfer, there may still be con51derab1e areal
portions of these reservo1rs uneconomic to produce unless these are provided
prices comparab]e to those being considered for the tight-gas and. the uncon-
ventional- sources.  Thus, the remaining problem to be solved would be for
ERDA to study the costs and-.economic requirements of these basins and to
quantify the resu1t1ng gas supp]y that could be added due to 1ncreased price.
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2. Scope of the Effort

The Bruckner-Smackover 1imestone of the Cotton Valley Trend was

the only formation in this category analyzed, although additional similar
circumstances are present in the formations of several other major basins
that were outside the scope of the present study.

3. R&D Goals

i J

Obtain a full definitiqn of the geology and geometry of
the gas pay.

Improve reservoir measurements and modeling to make the
exploitation of this resource as conventional a recovery

‘program as possible.

Determine what additional basins contain significant
target gas formations in the 0.05 - 1. md range; analyze
their problems and potentials for possible inclusion into
this program.

Accelerate the pace of development within these basins
by transferring technology to operators that might re-
quire it.

Ascertain the costs, recoveries, and price-supply curves
for each low permeability gas basin and seek adequate
economics to fully exploit these resources.
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4. R&D Activities

The resedrch and development activities required to reach the

above goals inc]udé the following steps:

Task 1 ?€Assess the extent to which other basins and forma-
tions présent problems of low permeability (but not "tight")
gas depoéits. Prepare preliminary analyses of the potential
of such basins to ascertain whether they should be incor-
porated‘into this target (or others). | '

Task 2 - Demonstrate the capacity of the existing (modified
where required) gas reservoir qodels to accurately predict
pre- and?post—fracture production performance.

Task 3 - Where necessary, EOnduct geologic studies of the
identifiéd low permeability basins, particularly to ascer-
tain the sand pay geometry and continuity.

Task 4 - Where necessary, support the accumulation of a

t

data basé required by the preceding activities.

- Task 5 —%Transfer the measurement and performance prediction

tools tofoperators that might require them.

Task 6 -§Conduct thorough reservoir performance and cost
studies to establish the price-supply relationships in
each basin. ‘ '
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e Task 7 - Should a significant potential be found to be held
back due to inadequate price, assist the Department of Energy
seek appropriate price relief for these basins or have the
qualifying basins be included under price rules applicable
to “tight-gas" and other unconventional solrces.

5. Manpower and Field Test Requirements

The levels of manpower required to carry out the above research,
-development, and demonstration activities are provided in Exhibit 1.

Manpower requirements are based on the considerable base of know-
ledge that is being accumulated in the tighter gas basins that needs to be
expanded in key areas. Note that no field tests are required, but substan-
tial effort is devoted to analysis and technology transfer. |
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\ | EXHIBIT 1 -
TOTAL PROJECT/MANPOWER REQUIREMENTS

- Target: Othéf'Low Permeability
: Gas Deposits

R&D ACTIVITIES (Physical Units) = [ 1

: ‘ . 3 T 5-Year (Strategy
Strategy Elements o - (FY.78) FY.79  FY 80 EY 81 FY 82 -F 83  Total Total)
-1. .Resource Characteriéation and Apprai,sla],, (man-years) .. - . o N -
* ‘e Basic Geological Studies \ ’ ) : (4) 5 ‘ 5. ) ;“" ‘ : 10 a8
s kPerformance Calibration ‘ ' (4) 4 4 o : 8. ' (12)
e Recovery and Economic S'tudjes i - -~ (3) . 5 2 : : S 3 (10)
2. mproved Diagnostic Tools and Methods (man-years) ; ‘ (3) - 5> 5 5 5 : 20 (23)

3. Technology/Information Transfer (man-years) ‘ ~ R P IR 3 ‘3 4 4 . 5 25 (27)

60Z-€
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6. R&D Costs

The R&D activities listed in Exhibit 1 are translated into
yearly budgets in Exhibit 2 (Total and ERDA Program Costs).

The 1line items of costs in the bUdget are based on the assump-
tion that one fully supported man-year costs $100,000. It was further
assumed that ERDA would bear all this strategy's costs because of the
nature of the tasks.
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EXHIBIT 2
TOTAL AND ERDA PROGRAM COSTS

TARGET: - Other Low Permeability
- Gas Deposits
RD&D COSTS (Thousands of 1977 Dollars) o

£02-¢

‘ ‘ ‘ 5-Year: (Strategy
Strateqy Elements - o omm e (FY-78) - - FY 79— FY 80 . - FY 81 “FY.82 ... .. FY. 83 . Total .~ Total). . _
1. Resource Characterization and R o R ‘
Appraisal
e Resource and Economic Studies ~ ( 300) 500 200 - - - 700 ° (1,000)
. Geo]ogicél Studies ( 400) "~ 500 . 500 - - = © 1,000 (1,400)
e Data Base for Performance : . - .
Calibration R R 400 ._400 400 - - - 800 (1,200)
SUBTOTAL ‘ * (1,100) 1,400 1,100 ‘ 2;500 (3,600)
‘2. Improved Diagnostic Tools : ) o S e : : o - C '
’ and Methods ; ( 300) , © 500, .., . 500 ., 500 . 800 O .- 2,000 (2,300)
3. Technology Transfer _ ' ( 200) 300 - 400 400 - 400 - 500 ‘ ) 2;000 ‘ (2,200)

TOTAL AND ERDA COST:  (1,600) 2,200 2,000 900 900 500 " 6,500 (8,100)
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7. Production Benefits

The anticipated productiontbenefits from a successful
research and development program in the other low permeability gas
deposits are estimated (at $3.00 per Mcf) as:

Base Case After Successful R&D Due % R&D*
(Tcf) (Tef) (Tcf)
e Ultimate Recovery 4.6 9.7 5.1
e Production Rate in: \
1985 0.1 0.2 0.1
1990 0.2 0.5 0.3
1995 0.2 0.4 0.2
2000 0.2 0.3 0.1

o Cumulative Production by:

1985 0.3 0.7 0.4
1990 1.0 . 2.9 1.9
1995 2.0 5.2 3.2
2000 2.8 6.9 4.1

*Totals may not add due to rounding
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'8. Benefits and Coéts

The key cost-effectiveness measures (incremental production per
dollar of ERDA expend1ture) for the other low permeab111ty gas deposits
(at $3.00/Mcf) are: '

Cost-effectivéhess Measures Value

(McT7$)

° Long ferm Measure:
Ultimate Recovery/ERDA 5-Year Costs ' 785

e Short Term Measure: |
1990 Cumulative Production/ERDA 5-Year Costs 292



CHAPTER FOUR
DEVONIAN SHALE
Part 1
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I. INTRODUCTION R T

, Considerable:analysis,has centered on the potential of gas
from the Devonian sha]es, one .of .the least defined domestic -gas .producing
regions. . Reserve estjmates«from<3 t0 300 Tcf have been advanced. This
study was undertaken to narrow this wide!range of estimates by ascertaining
- the economic-potentiaﬁ of gas from the Devonian-shales. - Specifically, this
:stddy is to: : o '

‘vj5 ”Est1mate the economlc potent1a1 of the Devon1an |
" shales based on emp1r1ca1 data on the geology,,
reservo1r performance, and costs

e Set forth a research strategy that would most cost-
‘effeetiVe1y assurei(or further define) this potential.

* The fOcus'df‘the‘stﬁdy is on the Appalachian Basin, where gas pro-
duction of Devonian sha]es occurs in West Virginia, Kentucky, and Ohio, and
potent1a1]y in Pennsy]van1a and New York * ‘ '

Part 1 of th1s chapter prov1des background on the nature and the
economic’ potent1a] of the Devonian shale resource base Part 2 provides
a detailed descr1pt1on of the R&D program.

* Further data gather1ng and analysis would be reauired
to identify the potential of the Michigan, I1linois,
,Ind1ana, Tennessee, and’ other states with Devon1an age
shale depos1ts L .




II. DRILLING AND STIMULATION OF DEVONIAN SHALE GAS

Gas production from the Devonian shales, particularly from forma-
tions in northern Ohio.(the Lake Erie district) and from eastern Kentucky
(Big Sandy Field) has existed since the late nineteenth century. Recently,
however, in response to growing concern about natural gas shortages and
their potentially devastating effect on the Appalachian economy, the Devonian
shales have received renewed interest. Over 100,000 square miles—! are
underlaid by these shales and considerable resource definition and technical
development is underway to determine what“portion of this resource base
could be economically produced.

A. Historical Production of Devonian Shale Gas

Historically, West Virginia and'Kentucky have provided the bulk of
the Devonian shale gas production. Based on API and AGA data gathered in
1976, 3.9 Tcf of gas have already been produced or are currently booked in

proved reserves from the Devonian sha]es.g/
Cumulative Proved 1976 Estimate of

State Production Reserves Ultimate Recovery
(Teh) (Tef) (Tef)
West Virginia 1.0 0.6 1.6
Kentucky 1.7 0.5 2.2
Ohio . > 0.1
TOTAL 2.7 1.1 3.9

In 1976, these states produced an estimated 0.1 Tcf of natural
gas from the Devonian shales.

* less than 0.5 Tcf.
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B. Trends in Development Drilling

“As of December 1974, there were about 9,500 we]ls in Kentucky,
West V1rg1n1a, and Ohio known to be producing from the Devonian shales.
Eight thousand of these wells exist in and around the Big Sandy, Ashland,
and Cottagev111e FlE]dS. Exhibit 4-1 shows the dr1111ng density. Each
square of the grid represents,four square miles (a 2 mile by 2 mile area)
and the number inside“each square indicates the number of producing shale
wells. In the better portions of the fields, the average number of wells
is 17 per 4 square m11es This is equiVa]ent to 150-acre spacing per well.
~ The overa]] average is, about 295-acre spac1ng per well for the 3,700 square
miles deve]oped to date

While thejdetailedcdrilling}data have not been compiled, it appears
that about 200 new- shale wells are being dri11ed per year in these three
states. At an average of 150-acre spac1ng and an ultimate recovery of 300
MMcf per well, about 50. square miles are be1ng deve]oped and about 60 Bcf of
new reserves may be be1ng added per year.‘

With year1y product1on from the proved reserves .0of 100 Bcf, the
new additions of 60 Bcf-1in the recent years are not keep1ng pace; the total

i

reserve is dec11n1ng

About two—thlrds of the land in the four count1es compr1s1ng the:
center of the Big Sandy Field appears fu]]y deve1oped -- as ‘the: pr1mary
produc1ng area becomes dep]eted, new product1on must come from '

° Extens1on dr1111ng around the borders of the
currently developed areas '
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Exhibit 4-1
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e Stepout and exploratory dri?ling into new areas

® Improved recovery eff1c1enc1es from dr111ed and
undr111ed areas.

C. Stimulation Practices e

1. Shooting't

Trad1t1ona]1y, the Devon1an shale we]]s have ‘been stimulated by
“shoot1ng" with exp]osives Analysis of work done by Hunter and Young§/
in the 1950's show the increase in initial gas productfon due to shooting
(Exhibit 4-2). These increases in production, along with subsequent analyses
by reservoir simulation, strongly suggest that shooting overcomes wellbore
‘damage (the Tow permeab111ty skin created by dr1111ng) rather than creates

any substant1a1 add1t1ona1 fracturing.*

2. Small Hydraulic FraCturing

In hydraulic fracturing the 1nterva1 to be treated 1s 1so]ated by -
pressurized packers and fluid is injected into the wellbore at . 1ncreas1ng
'pressure until the breakdown point is reached and a fracture is created in
the formation. Sand is simultaneously 1n3ected as a propp1ng agent to pre-

vent closure of fractures when the pressure is re]eased

A typ1ca1 JOb designed to create a 100 to 200 foot fracture,
would use about 1 000 barrels of fluid (42, 000 ga]]ons) and a max1mum of
2 1bs. of sand per gal]on of water. ‘ '

* History matching of the Devonian shale with a reservoir
~simulator provided a performance match only by assuming
e1ther an enlarged wellbore radius or small, horizontal
. fractures and rad1a1 flow.
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Exhibit 4-2 -

Average Initial Open Flows Before and After Shooting

*Initial Open Flow

SOURCE:

Hunter and Young

IOF* Before IOF After

County Shot Shot

{(Mcf/D) (Mcf/D)
Floyd 72 368
‘Martin 48 292
Knott 68 272
Pike 52 211
Magoffin 30 184
Johnson 28 103

Ratio of Number of

After/Before Wells
5:1 1107
~6:1 441
4:1 654

4:1 892

6.:1 53

4:1 52
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The successful use of small nydrau11c fracturing in eastern
Kentucky may accelerate adoption of this technique by operators in other
regions of Appa]ach1a Analysis based on work done by Rayﬂl shows that
hydraulic fracturing may increase recovery over shooting by 16 to 24 MMcf
(cumulative) over the first five years (Exhibit 4- 3), or from 17 to 46
percent. The larger 1mprovements generally occur in wel]s with lower

production.

- More prodUction expenience, however,'iéfreouired to account for
these increases in production in the early years. They could reflect either
of at least two conditions: C _ o ‘

o The fracture 1ncreases the ear]y rate of recovery by
providing a h1gh permeability path to the wellbore for:
gas that otherwise would have had to move through the
lower permeability fracture network. Production is |
accelerated during the early life of the well but only
a small increase in ultimate recovery efficiency is
ach1eved

)
o The fracture places the wellbore in contact with frac-

ture poros1ty -that is not contacted by shoot1ng, thereby
.1ncrea51ng u]timate recovery. :

Today many wells are st111 be1ng shot - rather than fractured.

.

Two major reasons for th1s are:

° Shooting costg‘TeSS than a small fracture.




Year

g W N

Comparison of Five-Year Cumulative Production of
Wells Stimulated by Fracturing and Shooting

I0F 100-200 Mcf /D

Increase

Fractured Shot Due to Frac %
Mmcf Mmcf Mmcf Change
15.7 13.7 2.0 15%
30.4 25.0 5.4 22%
47.7 35.0 12.7 36%
62.4 44.6 18.3 41%
78.0  53.5 24.7 46%

SOURCE: E. 0. Ray

Exhibit 4-3

10F 200-300Mcf/D

Increase
Fractured Shot Due to Frac %
Mmcf Mmcf Mmcf Change
26.3 24.4 1.9 8%
48.5 45.1 3.4 8%
72.3 - 63.5 8.8 - 14%
90.7 80.2 10.5 13%
110.0 15.6 7%

94.4

8-t
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e The return from incremental production due to_fractur-
-1ing appears economic only at gas prices higher than
have traditionally been obtained in the Appalachian area.

However,;confidence in fracturing outcomes coupled with higher gas
prices is encouraging the use of fracturing techniques. It is Tikely that
small, multiple hydraulic‘fracturing will become the.State of the art in
the next five years;.

3. New Stimulation and ReCOvery Technologies

The desire not‘oh1y to maintain but to'increaseyproductive capacity
has encouraged development of other stimulation techno]ogies. Those currently
being tested for effectiveneSs in the Devonian shales include massive hydraulic
fracturing, cryogenic or gas fracturing, 1ntens1ve\exp1051ves and deviated
well dr1111hg wh11e data on. the effect1veness of these approaches are cur-
rently being evaluated, the apparently high recovery efficiencies* of Devonian
shale wells indicate that these new approaches‘may serve to accelerate produc-
tion rather than add to ultimate recovery.

‘D. Preview of the Potentia] Recoverx

S1nce the turn of the century, the gas 1ndustry has eXplored and

produced the Devonlan shale of the Appalachian Basin. . As the more favorable

port1ons of the Basin become developed new. add1t1ons to Devonian shale pro-
duction will need to come from the less def1ned and. potent1a11y less favorable

( portions of the Basin. The ana1ys1s presented in the fo1low1ng sections shows

that 1mproved def1n1t1on of fracture intensity, innovative production techno-
logy (e.g., us1ng multiple completions), techniques for 1mprov1ng recovery
efficiency, and h1gher gas prices could s1gn1f1cant1y increase the economic
potential of the Dev0n1an shale.

* Reservoir simulation of Devonian shale gas reservoirs
shows recovery efficiencies of 45 to 60% for shot wells
-and 55 to 65% for fractured wells, assuming the produced
gas stems from fracture porosity.
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1. Additions to Gas Reserves

As noted, current proved reserves amount to slightly more than
1 Tcf. In addition to these reserves: ’

e Industry, over the next 30 years, is expected to
develop 2 to 10 Tcf additional gas reserves at
prices ranging from $1.75 to $4.50 per Mcf.

o With active Federal participation in research and
development, the total reserve additions are
expected to rise to 4 Tcf at a gas price of $1.75
per Mcf.

e (Combining R&D with an increase in price could
increase the ultimate recovery from the Devonian
shales to a range of 16 to 25 Mcf, at gas prices
of $3.00 to $4.50 per Mcf.

These results are shown on Exhibit 4-4.

2. Addition to Production

Similarly, the amount of yearly production is directly influenced
by technology and price:

e At current technology and prices, gas produbtion from
the Devonian shales would essentially remain flat,
at about 0.1 Tcf per year. '



ANTICIPATED ULTIMATE RECOVERY (TCF)
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Exhibit 4-4

Econom;c Potential of the Devonian Shales of the
Appalachlan Basin Under Base Case and Advanced
Technology Case Assumptions-

. 4 25.3
25 -
24 — |
23 :
22 — !
21 — ;
20 — I
s B | 18.6 |
18 — '
17— 16.1
16 —
15—
[
13 -
12
= ‘ - 10.5
10°— i} : \\
- 8.3 o : \
8 — \\\
7 - o ~
6 — - \ \
5 4.3 \ \
4__
3 , \
” ] : 1.7 d . \ | \
! \\\\ SO NN
'BASE CASE BASE CASE BASE CASE BASE CASE
AND ADVANCED AND ADVANCED AND ADVANCED -
sl. 75/Mc1= CASE @ CASE @ CASE @

$1.75/MCF - . $3,00/M $4,50/MCF

»



e Introducing R&D, at the same price level, would raise
the yearly production level to 0.2 Tcf.

o Introducing R&D in combination with a higher price of
3 $3.00 per Mcf could increase the 1990 production rate
| to 0.6 Tcf.

e By 1990, under a $3.00/Mcf and advanced technology
case, the Appalachian shales could add, in cumulative,
over 3 Tcf to the nation's gas supply.

These results are shown on Exhibit 4-5.

E. Research and Development Goals

Attaining these higher production rates depends on R&D programs
that successfully achieve three broad goals:

1. Resource Characterization. Improve the level of under-
standing of the basic geology and reservoir parameters
of the Devonian shale.

2. Production Technology. Apply dual well completion tech-
nology to produce the now economically marginal shales.

3. Recovery Efficiency. Increase the proportion of gas in
place that is economically recoverable.

C



Cumulative Production (Tcf)

Annual Production (Tc)
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Exhibit 4-5

.Annual Production from the Devonian Shale to the-

T "~ Year 2000 at $1.75 and $3.00/Mcf
0.9, o
0.8 1
0.7
0.6 4-' \
0.5 $3.00
. ] ADVANCED
J.4 )
0.3 $3.00 .
BASE
0.2 + $1.75
0.1 ] ‘ ADVANCEL
N : s1.75
o] == ey ‘ } T T : fASE
1977 19890 1985 . 1990 1995 2000
Cumulative Production from the Devonian Shale to
' ~ the Year 2000 at $1.75 and $3.00/Mcf
10 L ; .
" -$3.00
ADVANCED
9 X
s ]
, .
6 .
S
$3.00
. .BASE
4 1
$1.75
3 4 ADVANCED
L1 .
» ‘ $1.75
1 y s | BASE
a3 S —_— Y T T |
1977 1980 1985 1990 : 1995 2000
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Section III elaborates on the nature of the resource and the
challenges to characterizing it. Section IV addresses means for improv-
ing recovery efficiencies. Section V projects production under alterna-
tive economic and technological assumptions. The final section of this
part summarizes the R&D program required to reach the higher estimates
of the potential.

|
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III. THE RESOURCE BASE

A.  Essential Questions

The natural 'gas industry has conducted extensive exploratory
and developmental dtil]ing in the Appalachian Basin. In addition to the
9500 wells producing from the Devonian shale, 30 thousand wells have pene-
trated these brown/b]atk sha1es‘in search of higher quality gas reservoirs
in deeper sand, silt “and 1imeStone formations.* This amount of drilling
strongly argues that the more favorab]e port1ons of the shale may have been
1dent1f1ed and the fact that new discoveries are on the dec11ne** further
argues that the most favorab]e areas may have already been developed.

To the éxtent these arguments hold, fhture discoveries are likely
to come from the less productive portions of the basin. Locating economically

'prdducible gas fromvthese less productive and technically challenging areas

will requ1re more deta11ed understanding of the resource than has heretofore
been required.

Despite the number of wells drilled into or through the shale
sequence, substantial uncertainty remains concerning its basic geology,

areal extent, and reservoir properties.*** The following questions appear’
" to be central:

* E.g., the 0r1skany, "Big Six", Medina, and Clinton formations.

*x In 1976, add1t1ons to new discoveries, both associated and non-
associated gas, reached the lowest level since 1940. Kentucky
had no discoveries of non-associated gas in 1975, for the first
time since pre-1920 and only a small addition in 1976.5/

*%% DOE is currently supporting fundamental inquiries into many of

~these areas.

1
i
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e What is the nature of the gas in the Devonian shales
and what unique geological features -- e.g., origin
of the gas, tectonic activity, stratigraphy, and
depositional characteristics -- are essential to
locate the gas and to assure its economic rehovery?

e What is the likely areal extent of economically
producible Devonian shale; how should this overall ;
area be subdivided to form discrete, analyticlunits,

~each with individual geologic properties that govern
economic performance?

e What is the estimated productive capacity within
these analytic units?

This section discusses these questions and sets forth a defini-
tion of the resource base for estimating the economic potential of the
Devonian shales of Appalachia.

B. Basic Geology

In brief, a combination of fortuitous geologic events has formed
the gas in the Devonian shales.



1. Depositional History
‘The Appa]achiah Basin wasfat one time a large geosyncline'covered

'by an epicontinenta]'sea Erosion of the Appalachﬁan mounta1ns (Taconic
Range) created large sed1mentary depos1ts during ‘the late Silurian and early
Devon1an t1mes 0rgan1c matter deve]oped dur1ng qu1escent marine conditions
and was subsequent1y overlain by massive deposition of arg111aceous sediments.
"In later geolog1ca1 per1ods the sed1mentary depos1ts were compressed, frac-
tured, and exposed to fluid entry, verified by the frequent appearance of
mineral filled fractures

2.7 Origin of the Gas

The source of the gas in the Devonian sha]e appears to be the
kerogen content found in the shale itself. This co-existence of the source
. bed and the reservo1r,makes the Devonian shales unique as well as posing a

‘challenge to itSprécovery; ~ :

In genera] the organ1c content of. the major target formations, the
;"Brown Shale" of the Upper Devon1an, ranges from 2.5 to 4.0% by weight, but
exh1b1ts cons1derab1e variat1ons throughout the format1on For example, within
~one 350 foot core 1nterva1 the organic carbon content averages from 0.2 to '
12%. &/ The source mater1a1 of the gas appears to be both mar1ne and terrest1a1
"(woody—coa1y) kerogen = | '

, However, the presence of organic material in the source rock does
not guarantee produc1b1e quantities of hydrocarbons. The® organ1c material
-must-have undergone suff1c1ent metamorphos1s to be converted to methane,
~and there had to be a suff1c1ent1y permeable porosity trap in which the gas

could accumulate. ! Without enough permeability and porosity, methane and
other hydrocarbons would remain "locked" into the source rock. A system .
of fracture por051ty can well serve as the trap for desorbed and re]eased
so]ut1on gas. ' S L
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It is'probable that an equilibrium is reached between the
preSsure of the gas in the fracture, porosity, and the amount of gas
adsorbed or held in solution. When the reservoir pressure is reduced
through depletion, solution gas may again begin to migraté into the
fractures. However, the rate of depletion, given the low organic con-
centration as well as the limited surface area, is slow and appears to
contribute little if at all to recovery during the first 30 years of well
life.* '

3. Tectonic Activity

The faults and structural deformations which occurred during the
active tectonic history of the Appalachian Basin appear to have induced the
fracture porosity that now constitutes the Devonian shale gas reservoir.

Geologic study has identified some of these dominant fault systems,
including one of the earliest basement faults, the Rome Trough. Exhibit 4-6
identifies the extent of the Trough and the relation to producing fields.
Exhibit 4-7 shows the extensiveness of identified surface deformations
within the Basin and their relation to producing fields. It also shows the
abundance of smaller structural features which do not 1ie on the dominant
northeast/southwest Basin trend in and around the Big Sandy Field. Except
for the faults among the Allegheny Front, these features are post-Devonian
and thus created the reservoir for the Devonian shale gas.

4., Stratigraphy

Stratigraphically the Devonian period is divided into three geo-
logical groupings. A summary is presented below beginning with the lowest
formation.

* In reservoir modeling the Devonian shales, the total
thirty years of gas recovery could be accounted for
by free gas in the fracture porosity.



Exhibit 4-6 - o - C

Extent of the Romé Trough

6L-v

BI ANDY

SOURCE:  USGS




Exhibit 4-7

Structural Features of the Appalachian Basin

0Z-v
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Lower Devonian. The Lower Devonian consists mostiy
of sandstone and limestone, with some interbedded
shales. The Oriskany sands and to a lesser extent
the He1derberg limestone are the major gas produc-
iﬁg zohes; '

.- Middle Devonian. The first significant‘appeakance_

i of broWn/b]éck shales ih the Devonian period occurs -
with the Middle Devonian Marce]]us.shaies; However,
while gas shows have been found in this section of

" the shale in northwestern West Virginia, parts of

~ Ohio and Kentucky, little is known for certain about
" the productive -capability.

The Upper Devonian. Often referred to as the "brown

" shales" or as the Ohio shales, the Upper Devonian has
been the major Devonian shale gas producing zone, espe-
cially in the Big Sandy Field of eastern Kentucky and

the Cottageville Field in central West Virginia. Exhibit
- 4-8 provides a,cross-sectibn of the Upper Devonian "brown
- shale" and gives an indication of the stfatigraphy of the
area. . This ,str‘ati'gr'aphy influenced the »¢harac1;erization
of the;éhalytic units. ’ N
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Exhibit 4-8

Generalized Cross-Section of the Devonian Shale in
Southern West Virginia
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C. Areal Extent

1. 0verall‘Area :

The Appalachian Basin covers approximately 210,000 square miles
and includes all or parts of ten states.Z/ Approximately 100,000 square
miles of the area has a Tow probability of being productive and has been
excluded from this study (Exhibit 4-9) for the following reasons:

-

o Area A - The_eastern portions of the Basin between the

Allegheny and'Blue'Ridge Fronts (45,009 square miles).

The brown/black Upper Devonian‘shales outcrop and the

" deeper ‘Middle Devonian shales have been metamorphosed
to such an%éxtent'that existing gas deposits are improbable.

e Area B - The northern area of/the_Basin from Upper Erie
across the State of New York and,northeastern Pennsylvania
(19,000 square miles). Like the eastern portion of the
Basin, the shales have 1ikely been metamorphosed to the
~_extent of losing volatile hydrocarbons. .

o Area C - The western flank of the Basin between the out-
crops of Devonian brown/black shale and the Cincinnati
Arch (15,000 square miles). The Devonian shales have
played out and cannot be found from cross-sections.

e Area D - The southern portion of the Basin between the
Allegheny Front and Cintinhati Arch from eastern Kentucky
to A1abamaj(20,500 square miles). The shales are thin,
averaging 25-50 feet 'in thickness, and represent a sub-
marginal resource. |
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Exhibit 4-9

Geological Distribution of the Devonian Shales of the Appalachian Basin

CINCINNATI  ARCH

'0.

AREA D .

ALLEGHENY
FRONT

BLUE RIDGE
FRONT

AREA A

SOURCE: DeWitt, Wallace and Perry
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‘ It is poss1b1e that some of the excluded areas have sma]] gas
traps as are occas1ona11y found a1ong the Allegheny Front near the Pine
Mounta1n Overthrust. However, these small dlscoverles have been ep1sod1c
and provide no systemat1c evidence of continuous shale sequences

An add1t1ona1 48, 000 square m11es on the per1phery of the examined

acreage were classified as specu]at1ve, as they had no known productive wells,
and were excluded from the analysis. '

The remaining‘62;000 Squdre;miles of the pbfehtjal shales gas region
of the Appalachian Basin were studied in detail. Of this, 5,000 square miles
have already been drilled or found dry -- leaving 57,000 square miles as the
future target. ' L

This assessment of the total 210,000 square mile area is summarized

below.
Definition of - Areal S
the Area P Extent ‘ Treatment by Study
e Areas A, B,;C~and D..... 100,000 - 7EXC1udEd because geology indi- -
s , . ....." . . cated the shale is thin or
absent or the likelihood of
| ‘ “gas is low
o Speculative ' . . . 48,000.  Insufficient data is available
: B S - to define the economic poten-
- tial of the area* -- excluded
. from this study
e Probable/Possible 57,000 .~ Included in the Study as the
; S ~ source of additional gas or
\ potent1a1 gas _
@ Proved/Developed . 5,000 - Gas potent1a1 already included

or Found Dry . : B - in proved reserves or past
' L : ' * production

* By def1n1t1on, speculative resources were
excluded from analysis.

i
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2. Analytic Areas

The 62,000 square miles of drilled and future potential area
was divided into twelve analytic areas (Exhibit 4-10). Their principal
characteristics are as follows: | '

. Area I - Eastern Kentucky, within the heart of the
~ Big Sandy Field; 2164 square miles, of which 1050
square miles are undrilled. ‘

-- "Brown Shales" dip as they reach the Allegheny
Front and become thin

o Area Il -‘Eastern Kentucky, southwestern periphery
of the Big Sandy Field; 2089 square miles, of which
1609 square miles are undrilled.

-- "Brown Shales" in northern area merge into the
0il producing zones without significant gas
shows. '

-- Southern "Brown Shales" approach the outcrop
area and are beginning to thin into less than
100-foot intervals.

-- The Pine Mountain Overthrust in the southeastern
region serves as a boundary for development
drilling.



Exhibit 4-10

| Areal Extent of Study
(Shaded Areas — Big Sandy, Ashland, and Cottageville Fields)
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Area III - Southwest West Vi(ginia, northeastern periphery
of the Big Sandy Field; ]771‘§quare miles, of which 1098
square miles are undrilled.

-- The three extensive ?BroanShaTes",of Ohio and eaétern
Kentucky (Cleveland, Upper;‘and Lower Huron):appear
in the western portion but are lost before reaching
the eastern ‘section, reducing the sequences to only
one producing horizon. D

-~ Southeastern boundary is the limit of kﬁoWn drilling.

Area IV - Southwestern West Virginié,°east of Area III,
northeast of the Big Sandy Field, known to have brown
shale deposition; 871 square‘miTes, of which 848 square
miles are undrilled.

-- "Brown Shales" thin as they outcrop along the
Allegheny Front.

Area V - Central West Virginia, north of the Big Sandy
Field; 1811 square miles, of which 1690 are undrilled.

-- Eastern boundary is found where the brown shale deposits
thin and a facies -change occurs with the shale
going into coarser sands. '

-~ Southern boundary approximates the division between
" known production in Area III and very scattered
sporatic production of Area V.
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ak«-- Northern boundary is outs1de the Cottagev1]1e F1e1d
where product1on is scattered and mostly undrilled.

Area VI —~Northwest West Virginia; 2067 square miles,
of which 2032 are undrilIed.

-~ Eastern boundary lies a]ong the fac1es change of
- "Brown Shales" ‘into sands. - )

Area VII - Centra] and eastern OhIO, 15 575 square miles,
of which 15 261" square m11es are undrilled.

- ~- The aréaftontaihs“continUoUs‘deposits’Of Upper'and'
Lower,Ohio sha]es, the "Big and Little C‘inammon‘l

©_ZULittle or no observab]e maJor fauItlng, ant1c11nes,
’ or sync11nes AR

Area VIII - Lake Erieand northern: 0h1o, 3, 090 square m11es, o

, of wh1ch 2 955 are undr1]1ed
- Sha]]ow sha]e deposxt1on e
-- Iso]atedlsmaII gas weIIs,

"Areas IX and X - Northcentra1 West V1rgin1a and southwestern
;’Pennsylvanla, 17 776 square m11es are undr111ed

- Thinning out and disappearance of "Brown ShaIeS".

-- Continuous deppsition of deeper Marcellus/Harrel shales.
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o Area XI - Eastern West Virginia, 12,332 square miles are
undrilled. S

-- Deep Marcellus/Harrell shales.
-~ No Upper Devonian "Brown Sﬁaleﬁ".

e Area XII - Northeastern thtucky, 2,634 square miles,
fully drilled.

-- Shales are oil bearing without aésociated gas.
-- Gas deposits depleted in northeastern segment.

Each of the analytic areas was assigned a unique set of production
curves, developed from empirical data on shot well performance, which were
increased to represent incremental additiondT production from fracturing.
The 30 year recovery curve was applied to the central part of each area and
reduced in the periphary areas to represent field playout.

Exhibit 4-11 summarizes the location, the total, and the undrilled
acreage in each analytic area.
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- Exhibit4-11

 Areal Extent of A\naIYtic‘ Units

L Location =

‘Eastern Kentucky ,

Eastern Kentucky. Exten51on

S.M. Mest Virginia
- S.E. Extension .
 Central West' V1rg1n1a

_» N w West V1rg1n1a

Central and Eastern 0h1o

N.E.. Ohio =

N.W. West V1rg1n1a and

5Pennsy1van1a

“ﬂ'l Eastern West V1rg1n1a |

N.E. Kentucky -

TOTAL.

Acres 1in

Square Miles
Total Undrilled
2,164 1,050

2,089 1,609
| i,771 1,098
871 848
1,811 1,690
2,067 2,032
15,575 15,261
- 3,093 2,955
17,776 17,776
12,332 12,332

2,634 .
62,183 56,651
\
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D. Estimates of the Resource and Its Productive Capacity

1. Traditional Methods of Resource Analysis

The traditional means for estimating the original size and produc-
tive capacity of a gas field is to first collect the key volumetric data
(e.g., porosity, net pay, areal extent, etc.) that provide an estimate of
the size of the resource in place; second, to analyze core and well test
data to develop the properties that govern rates of gas flow (e.g., per- ‘
meability, pressure, etc.); and third;'fo'apply reservoir engineering analysis
to estimate production and ultimate recovery.‘

Given the limited data on the resource and particu]ar1y where the
producible resource is the free gaskin the fracture porosity, such a tradi-
~tional approach is not yet possible for the Devonian shales.* However, some
data has been gathered on certain of the key parameters and provide a departure
point for further inquiries through reservoir simulation and history matching.

2. Porosity and Permeability Data from Core and
Pressure Build-Up Analysis

Recently the Morgantown Energy Research Center measured the permea-
bility and porosity on a Lincoln County well core under confining pressure
approximating that of the reservoir. The cores had an effective permeability
of less than 0.1 md and a porosity of less than 1%.

* Past estimates using volumetrics or cannister off-gas ana]ys1s
fail to define the dominant feature that governs production 1n
the Devonian shales -- the natural fracture system.
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A pressure build-up analysis, the first known to be run in the -
Devon1an sha]e gas reservoir, indicated an effective permeability between
. 0,009 and 0.18 mds and a gas filled porosity between 0. 8% and 1.9%.
”‘Although the permeab111ty value derived from this: analysis is that of
the particular cores for the subject well, these observations are of
-cons1derab1e value in- 1nd1cat1ng ‘the nature of ‘the reservoir parameters
for‘theipartfcular area be1ng studied. ‘

w3 Est1mat1ng;Reserv01r Data from H1story MatchlAg

A standard procedure 1n reservo1r eng1neer1ng is to est1mate
“reservoir parameters that govern product1on by matchlng the historical
performance of the wel]s with the theoretical response of a hypothet1ca1
reservo1r with assumed reservoir parameters -- history-matching.

a.“The Essential Parameters

~In order to predict- the performance of such a gas reservoir
using history match1ng, the follow1ng parameters must be known: drainage
area, net th1ckness, ‘initial reservoir pressure and temperature, and well
‘pressure.* It is then possib]e to vary porosity (g), permeability (k),
-and we]ibore radlus (r ) to ach1eve‘a match with actual data.

'b. "The: Analytic Approach

, The pre11m1nary ana]ys1s** of the sha]es was done u51ng an
,_1sotrop1c, linear flow, reservo1r s;mulat1on model mod1f1ed to accept

T I

N

*  For purpose “of the analys1s, it is assumed that the drainage o
area is 150- acres, the net thickness 500 feet, and. the initial .
pressure-and temperature 500 psi and 100°F, respect1ve1y The . -

- wellbore pressure over. most of the 1ife of the wel] is. assumed,
to be 100 psi. B v

** The analysis was performed for»Lewin and Associates; Inc.~
by Holditch and Moore at Texas A&M.
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homogeneous - and non-homogeneous flow. - There is some thought that a frac-
tured reservoir might be anisotropic; but no hard empirical evidence for
this was found. Therefore, the reservoir ana]ys1s was not unduly comp11-
cated by 1nc1ud1ng anisotropy. ' ‘

(1) Homogeneous Mode].,rThe assumption was made that the Devonian
shale reservoir comprises a network of fine, isotropic fractures through
which the gas flows to the producing well. The flow through such a network
is conceived to be approximating that for the radial flow of fluids through
a uniformly distributed interstitial porosity such as that of a sandstone.

It is then possible to analyze the performance of ‘a Devonian shale gas reser-
voir much as one would analyze the performance of a gas filled sandstone
reservoir, | | |

Because the reservoir is tight, it can be inferred that the
wells are producing in an unsteady state flow regime, with the boundary pres-
sure being virtually unaffected despite the length of time during which the
well has been producing. Therefore, the analysis can be made using the
analytical expression for unsteady state flow that can be derived from the
continuity equation, Darcy's law, and the solutions for the radial diffusivity
equation developed by Hurst and vanEverdingen.* The compressibility of the
gas under such flow conditions is that of the gas at original reservoir con-
ditions, and the average pressure used in the solutions is the arithemetic
average of the initial pressure and the wellbore pressure.

A reservoir with an enlarged wellbore radius, due to shooting,
was used for the homogeneous case.

* The analytic equation used in the reservoir simulator differ
from the Hurst and vanEverdinger solution by making an adjust-
ment to account for the compressibility drive effects prevalent
in low pressure formations.



4-35

G e e r s e e REUVUREE N SEIE : ‘
(2) Non-homogeneous Model. As a test of the analytic
approach, a second set of reservoir geometrics was introduced -- a

- non-homogeneous reeervoir consisting of a system of natural, horizontal
fractures heving rédiué;of 15 to 50 feet spaced throughout the pay
interval. |

"~ C. The H1story Match1ng

Three typ1ca1 Devonian wells (a high, medium, and 1ow), each
hav1ng 30 years of product1on (shown on Exhibit 4-12) were history matched
using the two reservo1r geometr1cs

The analyt1c approach provided an extremely c]ose history
match to long term product1on and potent1a11y a un1que solution.*

A h1story match of 1ong term production data can be realis-

: t1ca11y divided 1nto two parts. The ear]y time data (0-5 years) is dom1nated

by the permeab111ty - thickness product1on of the reservo1r and by the well-
bore geometry. Therefore, using different values for wel]bore radius, frac-
ture length, etc. w111 result 1n different values of formation permeab111ty
However, all comb1nat1ons of kh and T that can be used to match actual produc-
tion data will resu]t in a common va]ue of product1v1ty index. (It would

be possible to f1x the value of " ‘at any reasonab1e value and find a-

- “~value .of kh that wou]d match the ear]y time product1on data ) To obtain a

unique match of ear]y time data requires a ser1es of : we]l tests and/or a long
term pressure bu11Hup test.

. : U
* According to the ana]yst "It is possible that slightly
. different values of gas in place and recovery efficiency .
could be obtained, if the parameters such as original. pressure,
reservoir temperature, f10w1ng bottom hole pressure. etc. were
altered. However. assumina the inout data are valid. the estab-
lished withdrawal rates and reservoir decline rates are of
sufficient durat1on to orovide unique solutions for gh and kh."
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Exhibit 4-12

History Match of Simulation and Field Data;Three Typical Devonian Wells

O

HIGH CASE
" MEDIUM CASE
@ DIUM C
(7
LOW CASE

oL

== = ACTUAL PRODUCTION DATA

O-= Rw = 4!
L__l = HORZ. FRACTURES

TIME (YEARS)
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The heservoir decline rate, however, is dominated by the -

formation porositthhickness product, ‘which determines the original gas

in place Normal]y, if 30 years of productlon data can be history matched,
the value obtained for -gas in place is cons1dered to be a unique solution.

.~ The values used for porosity were 1nsen51t1ve to the wellbore

vgeometry Permeab111ty, however, did s]1ght1y vary according to the well-

bore geometry, but 1n general, thearange of variation was not significant.

- d. ‘The.Results of - the Ana]ysis_x eff,v :
(‘LSeveral'major conclusions emerge'from this history matching:

‘ : e The Devon1an sha]e gas reservoirs have poros1t1es
|  of Tess than 1%; ‘higher productlon is a direct
T funct1on of higher porosity as would be accounted
for by more 1ntense fractures:

; Samp1e Wells . 'v: ‘_'Q_l /
High Productlon ‘ ©0.8% .
Medium Production ~ 0.6%

~'Low Product1on i  R 3%

e ~The permeab111t1es average about 0 02 md rang1ng
‘;'from O 018. md to 0 027 md o

. 'Comb1n1ng ‘the three parameters that most direct]y
 §iaffect production, porosity (g), permeab111ty (k),
"”and net pay (h) the following reservoir para- .

A:?”fmeters best descr1be the Devon1an sha]e
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Sample Wells - : - ph ~kh
High’Production' : g 12
Medium Production 3 11
Low Production 12 10

Considering the high values of kh compared to the Tow
values of ﬂh,‘the‘ahalysis shows that a typical Devonian
shale gas reservoir consists of a vast network of inter-
connected, natural fractures. Moreover, since all of
the production could ‘be accounted for by the free gas

in ‘the fractures, the contribution of gas in matrix
porosity, to the extent such matrix porosity exists,
would be smail. ' .

The wellbore appears to be in contact with the full
horizontal extent of the fractures in the drainage area;
however, it may be possible for additional fracture
systems to exist in a vertical plane and not be connected
to the wellbore.

The reservoir data from history matching of well perfor-
mance are in accord with the initial reservoir values
obtained from pressure build-up in the field and in

the laboratory using restored state pressure conditions:

Pressure
Reservoir Build-Up ‘ Reservoir
Properties Data Simulation
Porosity 0.8 to 1.9% 0.3 to 0.8%

Permeability 0.01 to 0.18 md 0.02 to 0.03 md
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4. Summary ofithe Productive Capacity of the Devonian Shales

The analysis strongly 1nd1cates that the Devonian shales are
essent1a11y a trad1tiona1 low pressure and Tow’ permeab111ty gas reservoir
where the natura] fracture system provides the permeability and gas storage
porosity.* Further,junder current production pract1ces,‘the shales are
already being eff1c1ent1y dra1ned of the gas in place. (Further improve-
ments are poss1b1e, however at h1gher gas- prlces, as discussed in the next
section.) | ' o

The major unknown‘is whether the wellbore is in contact with full
~vertical extent of - the natural fracture system in a’drainage area. This
question would be further exam1ned by one of the R&D'programs recommended

~ for the Devonian shales

/

5. Estimatioﬁjdf”Produétion"

Add1t1ona1 reservo1r data and 1mproved capacity to model this
~resource may allow. a ‘more traditional approach for estimating the productive
capacity of the Devon1an shale ‘to be’ pursued in the future. Until that time,
however, the ana]ySis must rely‘on'an empirica]iapproach‘using a representa-
tive sample of produttion.histories from»the nearly 10,000 wells that have

- produced from theseisha1es.

The basis 6f the production estimates waS‘empirical well data
acquired from var1ous ‘gas companies on 250 1nd1V1dua1 wells. -~ These data
“include annua] product1on ‘rock’ pressures and 1ine pressures which enabled
g deve]opment,of.spec1f1cfproduct1on ‘decline curves,for‘the areas. defined as
haviug potential shale gas. ‘ ”

* It may be that the matrix;contains.additional%porosity and ‘gas.
However, this matrix porosity does not appear to be in contact
with the wellbore. Adding‘one more fracture plane to a well

- drainage area conta1n1ng several hundred such fractures could
not be expected to apprec1ab1y interconnect the now occluded
areas.
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Each well chosen had to meet five criteria:
e It was individually metered.

e The shale gas production was djétinguishab1e
from other producing horizons.

o The well needed to have a minimum historical
production of 25 years for older fields and
15 years for newer fields.

o The sample needed to include high, average, and
low producers.

e The sample had to contain at least 4-6 wells for
each county defined within an areal unit.

The wells were classified by the eleven areally defined analytic
units (Area XII was excluded because it appears thoroughly depleted). For
each area, production from the sample wells was averaged and fit to a cumula-
tive 30 year production curve using Marquardt's Algorithm,* providing the
base production profiles required for economic analysis.

These base profiles were then modified to reflect two factors:
that fields tend to produce less as drilling moves into extension and step-
out areas; and that production from wells stimulated by hydraulic fracturing
is generally higher than production from wells stimulated by shooting. Produc-
tion multiplier values (PMVs) were created to account for these two factors.

* The cumulative production was fit to a curve of the form
f(T) = (1-e'Bt) using a nonlinear least-squares method.
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Deve10pmen& of the field play-out value was based on‘eXperience
in the eastern KentuEky Big Sandy Field.* Sample wells from the four
primary counties compr1s1ng ‘the B1g Sandy Field were found to have a 30
year cumulative recovery of 512 MMcf, while those in outer count1es were
found to have 30 year cumulative recoveries of 255 MMcf, about one-half
of the best area.

‘Using these values as indicators, pach-of the eleven areal units
was divided into three portions and assigned a field play-out factor (a
percentage of the base production curve) that reflected the shale fhickneSs
and extensiveness of fracturing, as estimated- from the strat1graphy and
tectonic activity.

Next, the base production curves (derived from shot well data)
were increased to ref]ect anticipated improved performance from using
hydraulic fractur1ng rather than shooting. Work done by Ray§/ described
above, suggests that wells having initial open flows between 100-200 Mcf
would increase cumuhatlve production by 46% after 5 years with hydraulic
fracturing; while w%]]s with an initial open flow of 200-300 Mcf would increase
cumu]ative'productidn by 17% after 5 years. Thus, production was increased by
15 to 50 percent, dépending on the initial open flow.

4

Exhibit 4- 13 shows the . area, the or1g1na1 shot well product1on and
the f1e1d play-out adJustment and fracturing adjustment that prov1de the
~ final thirty-year cumu]at1ve recovery estimates. - (Because of extreme]y
‘Timited production h1story, Areas IX, X and XI were estimated from other
areas without adJustment for stimulation technology.) The annua1 production
profiles developed through th1s procedure were used in the econom1c ana]ys1s

* Historically, Kentucky wells averaged initial open flows near
330 Mcf/D. Recent wells are clustered in the range of 100-275

"~ - Mcf/D, suggesting {less production as the better portions of the
reservoirs are depleted. The decreasing production as reservoir
boundaries are approached is known as field play-out.




Exhibit 4-13

Basis of Devonian Production and Recovery Estimates

PRODUCTION
UNDRILLED % OF 30 YEAR RECOVERY FIELD PLAYOUT INCREASE- FINAL ESTIMATED 30 YEAR RECOVERY/
AREA ACREAGE AREAL UNIT SHOT WELL DATA MV FRACTURING PMY FRACTURED WELL (MMcf)
{MMcF)

I 1,050 50 am 1.0 15 1.15 472
25 0.8 25 1.00 M
25 0.5 40 0.70 288
11 1,609 33 349 1.0 15 1.15 am
33 0.7 30 0.91 318
33 0.5 40 0.70 244
11 1,098 50 348 1.0 15 1.15 400
25 0.8 25 1.00 348
‘ 25 0.5 20 0.70 244
v 848 33 376 1.0 15 1.15 434
33 0.7 30 %.9] 343
33 0.% 40 0.70 264
v 1,690 33 338 1.0 15 1.15 389
33 0.7 30 0.91 308
33 0.5 40 0.70 237
VI 2,032 33 264 1.0 15 1.15 337
: , 33 0.7 30 0.91 267
33 0.5 40 0.70 205
Vil 15,261 33 96 1.0 40 1.40 134
33 0.7 50 1.05 : 100
33 0.5 50 0.75 71
VIIL 2,955 33 362 0.9 15 1.04 377
. 33 0.7 25 0.87 315
33 0.5 40 0.70 253
IX & X 17,776 33 338 1.0 - 1.00 338
33 0.7 - 0.70 237
33 0.5 - 0.50 169
X1 12,332 33 267 1.0 - 1.00 267
33 0.7 - 0.70 21
33 0.5 - 0.50 102

A
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IV. IMPROVING GAS{RECOVERY FROM DEVONIAN SHALES -- THE FEDERAL ROLE

As the Devon1an sha]e resource base becomes further understood,
the major cha]lengé will be to increase the amount and advance the timing
of gas production from these shales. For this, one needs to pose the
basic question: | |

What app%ars to constrain rapid development and

economiciproduction from the Devonian shales:
|

-- Are tﬁe natural gas reservoirs within the
Devonian brown/black ehale sequence being
effbc%ively drained?

-- Are there additional reservoirs of natural
gas in the broum/black shales from which
recovery of the resource is constrained by
the Zackiof Suitdble'teéhnology and/or

economic incentives?

An analysis of the resource base through reservoir engineering
indicates that three basic strategies should be followed for increasing
gas recovery from the Devonian shales:

e Identifying additional Devonian shale aréas in
‘the Appa1ach1an Basin hav1ng ‘economic- potent1a1
for gas recovery.
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® Testing dual-completion practices for recovering
gas from low production, economically marginal
formations in central Ohio (and if possible in
other parts of the Basin).

e Improving recovery efficiency in the identified
and productive parts of the Basin.

A. Additional Potential

The research effort involved in the first strategy -- identifying
additional areas of Devonian shale potential -- is straightforward. One néeds
to drill and test a number of resource characterization wells to establish
that a sufficiently intense natural fracture system is present and that gas
fills this fracture system. This is what the gas production industry has done,
in the Basin, for over 50 years. The special aspect is that the area under
consideration is deep, expensive to drill, and costly to produce. Economic
recoverability in these areas, even if the shales are found to be fractured
and gas containing, will likely require gas prices considerably in excess
of today's levels. Thus, the gas production industry has relegated resource
definition in these areas to a lower priority. It appears that public R&D
is required to accelerate a definftion of the productive potential of these
deeper, higher cost areas.

Traditional exploration and production analysis was used to assess
the potential of this first R& strategy.
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B. DuaT-Comp]etion:Practices

B ; i ' . . R ot : R N
A second target for research and development involves areas
where non-commercial, but physically productive, shale sequences overlie

ddeeper,’traditionaﬁ producing horizons. Here it may be possible to use
~dual-completion (with improved stimulation) and produce the now uncommer-

cial shale by‘havidg the primary formation bear the major drilling and
operating costs.

Such an opportun1ty exists 1in central and eastern 0h1o Given
the need to tailor speC1al complet1on pract1ces as well as work over exist-
1ng wells, a demonstrat1on of the technical and economic feas1b111ty of
such an approach appears required before industry could be expected to

- vigorously pursue th1s second target.

A marg1na1 cost~ana1ys1s was used to assess the potential of this
second R&D target.

C. Improved Recovery Efficiency

A third and traditional target for R&D is improving recovery effi-
ciency to a level above that being attained by traditional production prac-
tices. : Three approaches appear worthy of consideration:

° C]oser well spacing in the more productive areas

° Improved st1mu1at10n pract1ces such as u51ng more -
eff1cﬁent and cost—effect1ve st1mu1at1on and frac- o
ture techno]ogy ‘ ' : B

e Plac1ng the wellbore in contact with the full verti-
cal fracture system, should current completion prac-
t1ces be falling short of this goal.
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History matching with a reservoir simulator using a two dimen-
sional, finite difference model, described previously, was used to assess
the potential of this third R&D target.

Three actual sets of field data from typical Devonian gas wells
having the properties previously shown on Exhibit 4-12 were used in the
analysis. The findings from this analysis are discussed below.

1. The Efficiency of Small Fractures

At 150 acre spacing and with small fractures, in general, the
field is already being drained efficiently with recovery efficiencies of
50 to 60 percent.

Using an economic 1imit of 8 Mcfd the following recovery efficiencies
are found for shot versus fractured wells*, at 150 acre spacing:

e Shot Wells (4' radius or 6 horizontal .fracs):

Gas in 30 Year Recovery
Place Production Efficienc
(MMcf) (MMcf) (%)

- High Production 880 410 47

- Medium Production 666 330 50

- Low Production 352 220 61

* Additional analysis was conducted on the wells in Ohio,
however, since recovery efficiencies in these areas appear
to be about 60%, significant improvements in recovery
efficiency did not appear feasible.
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e Small V%rticalrFractures (100 feet)

Gas in 430 Year Recovery

P "Place ' Production Efficiency
| 1 ~ - (MMcf) (MMcF) - (%)
- High Production 880 500 57
- Medium Production - 666 430 65

- Low Production 352 220 62
Using smaﬂ] vertical fracturés improves 30 year recovery by about
20% over. the shotvcdsg for high and moderate production wells, but only

~ accelerates recovery in the low production wells.

2. The Potenfia] of Infill Drilling

A first séep toward assessing the potential for further improving
30,year.recoveky~inflow permeability formations would be to examine closer
well spacing.  For ﬁhis;:analytic areas were:developed on 75 rather than 150
,acres,‘dsing shootiﬁg as well as small fractures. The simulation showed that
30 year recovery inithe high production case could be further improved by 20%,
from a base of 56% #o a range of .65% to 70%. Smaller improvements were
realized in the medium production case, while the low production case had
(because of the ecojomic 1imit) essentially no change. This is shown on
the table below: |

|

° Reduciﬁg Spacing (75 acres) with Small Fracs:

|

BROR EE " Gas in. ‘:30;Yéar'_ B Recdvery

f . A ... Place . Production  Efficiency
S o TMMef). . T(MMeF) (%)

- High Production "~ 440, 300 68

- Meditm‘Prqduction 333 . 230 . 70

- Low |

roduction e 10 66

I
1
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Under reduced spacing, recovery efficiencies are in the 60 to
70 percent range and production reaches economic 1imits within the 30
year period. At this Spacing, further recovery efficiency* improvements
do not appear feasible, although acceleration of production into the
earlier years would be possible through improved stimulation practices
and enlarged wellbores.

3. Other Potential Improvements

The major unknown is: What pbrtion of the total natural fracture
system in a drainage area is in contact with the wellbore? Since no unusual
boundary effects are evideht>from matching field data, the model gives strong
evidence that the wellbore is in contact with the full horizontal plane
of the drainage area. However, the Devonian shale comprises several deposi-
tional cycles, and vertical communication between intervals may not be
naturally present or included by conventional completion procedures. ‘The
relatively narrow range of response of wells in any particular area argues
against this. Nevertheless, a high priority must be assigned to determining
whether it is possible to enhance Devonian gas production by selective and
multiple completions within the total Devonian shale section.

* The simulation model was run to test the potential of using
larger, 500 to 1,000 fractures. The results of the analysis
showed no significant difference in 30 year recovery effi-
ciency between using 100 to 200 foot fractures and using
larger 500 to 1,000 fractures. This result is due to the
fact that recovery efficiency using smaller fractures is
already quite high and additional production can only be
achieved at what appears to be less than economic flow rates.
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V. . POTENTIAL OF THE DEVONIAN SHALE OF APPALACHIA

A. Approach

Est1mat1ng the economic potential of the Devon1an shales requires
two sets of assumptlons namely:

Spec1fy1ng thetleve1 of techno]ogyﬁ

-- Basefcase: The level of the resource development
expetted to be attained by industry during the next
five years without active federal involvement.

-- Advahced Case: The'1eve1‘0f the resource deve]op-
'ment expected to be attained by virtue of active
federal-industry collaboration.

Defining field development costs, return on capital

requiréments, prices, and-timing.

These,twd key*stepssere further‘deseribedlbe]ow.:

1. The Technolog1ca1 Assumpt1ons ;:

- Two 1evels of resource deve]opment and techno]ogy were assumed --
the Base Case and the Advanced Case. The Base Case conditions were derived
‘from discussions wvth producers in the Bas1n concern1ng their deve]opment
"plans and the status of the techno]ogy over the next f1ve years. ~ The'
“Advanced Case was spec1f1ed as the resu]t of successful’ execut1on of
'the Federa1 -R&D procram,descr1bed'1n,deta11 in Part 2 of this chapter. ,”
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Exhibit 4-14 shows the principal differences between the Base
and Advanced Cases. These differences can be grouped under four broad
headings:

e Resource Characterization

e Technology

e Economics

e Development
Each is discussed further below.

a. Resource Characterization

Industry's efforts are centered currently on the probable
areas -- essentially extension drilling and step-outs.

A focused program of resource characterization could obtain
sufficient data on the poorly defined, possible areas of the Devonian shale
.to stimulate further drilling and development, where economic. Such a pro-
gram would be directed at a 30,000 square mile area (Areas IX, X, and XI)
of Devonian shale, and should sufficient fracture intensity and gas be dis-
covered, this could appreciably increase the potential in the Appalachian
Basin.

A second purpose of the resource characterization effort would
be to apply improved geologic and reservoir engineering measures to the pro-
bable areas to reduce the number of marginal and dry wells from the current
rate of 20%.

A third purpose would be to quantify the distribution of "free
gas" porosity between matrix and fractures and to obtain a range of gas
permeability contrast between matrix and fracture porosity systems.
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STRATEGY/ITEM

Resource Characterization
e Eligible Areas

Exhibit 4-14

Summary of Major Differences Between Base and

Advanced Cases in Devonian Shale Analysis

- BASE CASE

Probable Areas

ADVANCED CASE

Probable and Possible Areas

e Dry Hole Rates 20% 10%
Technology _
e Completions Single Dual where Tow producer underiain

e Stimulation

e Recovery Efficiency
per unit area

Economics

e Risk - reflected in discount
rates* of ‘

Development

e Start Year for Drilling
" -- Probable Areas ‘
- Possible Areas

e Development Pace
- Probable Areas
- Possible Areas

Standard 1000-bbl fractures
Current levels

21%

1978
1987

17 years to comp]etioh'
17 years to completion

*Discount rates include a cdnstant ROR base of 10 to 15%

and an inflation adjustment of 6%.

by other productive pay
Optimized fractures

Improved by 20% in higher producing
areas

16%

1981 (R&D effect begins)
1987

13 years to completion
15 years to comp]etion

LS-¥
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The remainder of the resource characterization effort
would be directed at obtaining sufficient reservoir data to support
improved production technology. This becomes a prerequisite to the
technology improvements discussed below.

b. Technology

The Base Case assumes that producers will use small fracturing
technology. Further, technological improvemehts due to R&D are twofold:

o Achieving improved well completion practices to
enable the dual completion of economically margi-
nal, low producing pays with underlying economi-
‘cally producible gas horizons (particularly in
Ohio).

e Increasing recovery efficiency in the high produc-
tion areas (the heart of the Big Sandy) by 20% by
using infill drilling and improved stimulation
technology.

c. Economics

Producers currently view gas production in the Devonian shales
as a moderate risk venture. The intended outcome of the R&D program is to
reduce the financial risk premium to conventional levels.

d. Acceleration

The final purpose of ‘the R&D program is to accelerate the
time by which the Devonian resource could be drilled and produced.
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2. Economics and Timing

A net present value (discounted cash flow) mode] was used to
simulate the’ economics of production * The unit of ana]ys1s was the indi-
vidual well and its dra1nage area represent1ng spec1f1c areal units. The
estimated investment and operat1ng costs of the well were offset by the
revenue stream generated by gas product1on times its price. ‘This net cash
flow was then d1scounted by the spec1f1ed return on investment. The areal
units for which this d1scounted (present) value exceeded zero were developed,
according to the’timing model.

State—]evel dr11]1ng and comp]et1on costs were drawn from the API
Joint Association SurVey of Costs. Well st1mu1at1on costs were provided by
major service compan1es. Surface equipment and operat1ng costs were developed
from studies by Gruy Federg] Inc. 7 Dry ‘hole -and exploration costs were
functions of dri]]ingiand completion costs and the ‘areas involved. A1l costs
were varied as a function of depth and geograph1c region. Taxes, royalties,
burden rates, and account1ng procedures were drawn from ‘actual applications
in each region. Constant 1977 dollars were used throughout the analysis.

These costs%were then compared with company records and modified
to incorporate any unusual features of Appalachian shale wells.

Thelanalysislwas:conducted for three gas prices -- $1.75, $3.00,
and $4.50 per Mcf. Where-the well, representing: a specific areal unit, was
found to be economic,}it was extrapolated to the full area. [Each area was
assumed to be deve]oped according to a fixed schedule. The better defined
(probab]e) areas were assumed to be developed f1rst followed by the- 1ess
well defined (poss1b1e) areas.

E l

* See Volume III for additional detail.

L
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B. Base Case Estimates ,

The amount of gas production and its rate in the Base Case is
highly sensitive to gas price. As shown on Exhibits 4-15 and 4-16, addi-
tional recovery could range from less than 2 Tcf at $1.75 per Mcf to over
10 Tcf at $4.50 per Mcf; the production rate in 1990 would range from
about 0.1 Tcf per year (at $1.75/Mcf) to 0.3 Tcf per year (at $4.50 per
Mcf). This is discussed further below.

1. Ultimate Recovery

In terms of ultimate recovery (total production or reserve addi-
~ tions in 30 years of well life):

e About 2 trillion cubic feet will be economic at
$1.75 per Mcf.

e Increasing the price of gas to $3.00 per Mcf could
raise the estimate to about 8 Tcf. This significant
increase is contingent on the conclusion that apparent
field play-outs have been primarily dictated by sheer
economic considerations.

e At $4.50 perAMcf, estimated ultimate recovery could
only rise another 2.5 trillion, to 10.5 trillion
cubic feet.

2. Production Rates

e At $1.75 per Mcf, the Base Case production rates
would peak at 0.1 Tcf in 1990 and decline thereafter.

e Higher prices could sustain production over a longer
period, providing 0.3 Tcf per year in 1990.
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Exhibit 4-15

(o 4]
IS

7
2

.

A\

ale Ultimate Recovery at Three Prices — Base Case

$1.75/MCF

| R

$3.,00/MCF

Exhibit 4-16

Annual Production from the Devonian Shalé to the Ye‘ér 2000 at
’ Three Prices — Base Case :
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C. The Advanced Case Estimates

Considerable amounts of additional gas could accrue from a
successful R&D program in the Devonian shales -- the Advanced Case, as
shown on Exhibits 4-17 and 4-18. (The difference between the Advanced
Case and the Base Case estimates are the production benefits attributable
to the R&D program.)

1. Ultimate Recovery o

Under the Advanced Case assumptions, ultimate recovery at $1.75
rises from the Base Case estimate of 2 to 4 Tcf. At higher prices, con-
siderably more recovery could be forthcoming:

e At $3.00 per Mcf, ultimate recovery could rise to 16
Tcf (versus about 8 Tcf in the Base Case).

e At $4.50 per Mcf, ultimate recovery could range from
18 to 25 Tcf (the range reflects geological uncertain-
ties in the possible areas where little is known about
the intensity of the hatural fracture system).

2. Production Rate

e In 1990, annua1‘production under the Advanced Case
and at $1.75 per Mcf is projected at about 0.2 Tcf.

e At $3.00, 1990 annual production is estimated at
0.6 Tcf.

e At $4.50 per Mcf, annual production rate continues
to climb, reaching a range of 0.7 Tcf to 0.9 Tcf
in 1995.
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Exhibit 4-17
an Shale Ultimate Recovery (at Three Gas Prices)
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1al Production from the Devonian Shale to the
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The Essential R&D Programs

The improvements in production in the Advanced Case come from

successful execution of three highly different programs of technological

advance:

The first program in eastern West Virginia and
Pennsylvania is directed at extension drilling

in the deep shale that appears economic only at
prices higher than $3.00 per Mcf. (The benefits -
of this program are expressed as a range to reflect
preseﬁt uncertainty about the extensiveness of the
natural fracture network and the presence of pro-
ducible gas.)

-- Ultimate recovery duevto this R&D program
would range from O to 7 Tcf at a gas price
of $4.50 per Mcf. '

-- The 1990 production rate would be below 0.1
Tcf. '

The second program (in Ohio) depends on dual comple-
tions of wells in the shales, underlying sandstone
and limestone gas reservoirs, thus permitting the
shales to be produced at the marginal costs of
stimulation.

-- Ultimate recovery from this second program would
range from 3 to 6 Tcf, depending on gas price.

-- The 1990 production rate from this program would
be 0.2 Tcf. :
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e The third program (in éanerﬁ’Kehtucky and western West
Virgihia)'isvfo'improVé rééovery efficiency in the heart
of thé currently being developed area through optimizing
Stimujation, well spacing, and development practices.

-- In¢reasing recovery efficiency would add about
2 Tcf at gas prices of $3.00 per Mcf.

- Thé 1990 productioh rate would befabodt 0.1 Tcf.

Exh1b1ts 4-19 and 4-20 show the Base Case and the Advanced Case
for the three R&D programs, at three gas prices.

- D; Summary '

- The Devon1an shales cou]d add from 2 to nearly 25 Tcf of gas to
domest1c product1on depend1ng on' the techno]ogy and price assumptions.
From a public policy perspective, a combination of technological advances
and higher prices éppears to provide the most cost-effective strategy for
ensuring add1t1ona] quant1t1es of gas for port1ons of the country that
have been ser1ous]y 1mper111ed by curta11ments 1n ‘interstate’ gas supp]ies;
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Exhibit 4-19

Base Case — Ultimate Recovery from the Devonian Shales

at Three Prices by Program
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Exhibit 4-20

Advanced Case — Ultimate Recovery from the Devonian Shales

at Three Prices by Program
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SUMMARY OF THE R&D PROGRAM AND ITS POTENTIAL

Th1s f1na1 sect1on of Part 1 summarizes the major R&D goa]s,»

‘the production benef1ts, the costs, and the cost-effect1veness ratios of
“a successful R&D program Part 2 of this chapter“provldes further details

A.

of the proposed programs.

Research and bevelopment Goals -

The three technological challenges -- new areas, dual-completion,

and 1mproved recovery eff1c1ency -~ form the R&D goa]s of the Devonian shale
programs in the Appalach1an Bas1n, 11sted below

Define the Potential'of Deep Devonian Shales. Drill-

‘exploratory wells and employ improved stimulation tech-
" nologies 'to the deep (over 5,000 feet), currently non-
- produc1ng shales in northern West V1rg1n1a and 'southern

Pennsy]van1a

" Produce Margina1:Devonian ShaleS'Through‘Dua1-Comp1etion.

Use dual completion and improved stimulation technologies

'in‘areaSSWhere the' currently non-producing shale sequenceS'
'f-over11e deeper produc1ng hor1zons (the C]1nton formation)
in central and eastern 0h1o '

Improve Recovery Eff1c1ency., Infill drill and apply

improved3stimu1ation'techniques in areas of major -
historical production, part1cu1ar1y the Big Sandy
Field and its extens1on ‘
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B. Activities and Costs

The activities requifed_to achieve these goals can be grouped
in four‘broad categories:

e Resource Characterization
e Improved Diagnostic Tools
e Field-Based Research, Development, and Demonstration

e Technology and Information Transfer

, The amount of professional time and the number of tests required
to carry out these activities are summarized in Exhibit 4-21. A total of
65 person-years are devoted to resource characterization, 25 to improved
diagnostic tools, and 20 to technology transfer. Field-based R&D is a mix
of resource characterization cores and wells, measurement calibration tests,
technology improvement tests, and field demonstrations of improved technology.
A total of 106 such projects are required.

Exhibit 4-22 summarizes the costs of these strategies for the five-
year period FY 79 to FY 83. The total five-year cost, in constant 1977 dollars,
is $38.1 million. The program is designed to take advantage of industry's
interests in producing the Devonian shales, thus presenting cost-sharing
opportunities. Of the $38.1 million total, industry is expected to contri-
bute $8 million, leaving a federal cost of about $30.1 million.



Target/Program

PROGRAM 1:

-

PROGRAM 2:

PROGRAM 3:

Define Potential

"of Deep Devon1an

Shales

Produce Marginal

Devonian Shales
Through Dual- .
Completion

Improve Recovery
Efficiency ‘

: TOTAL

Exhibit 4-21

Summary of Program Activities for Devonian Shales of Appalachia
(Five-Year Strategy Totals)

Improved . - N | Technology/

~{»#Resourcé{ﬂ~~ - Diagnostic - Field-Based - Information - -
. Characterization Tools RD&D * Transfer
(Person-Years) (Person-Years) (Cores/Wells) (Person-Years)
15 .10 - 19 5
, : N
30 15 30 10 o
20 - 57 5

65 25 106 20
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Exhibit 4-22

Costs of the R&D Program for the Devonian Shales

v 5 Year Program Costs
Target/Program (in millions)
Total Federal Share
PROGRAM 1: Define Potential of '
Deep Devonian Shales $10.6 $8%6
PROGRAM 2: Produce Marginal
Devonian Shales Through
Dual-Completion ‘ 13.0 11.5
PROGRAM 3: Improve Recovery Efficiency 14.5 10.0
TOTAL '$38.1 $30.1
Exhibit 4-23
Production Benefits Due to Successful R&D
(at $3.00/Mcf)
1990 1990
Ultimate Annual Cumulative
Target/Program Recovery Production Production
(Tcf) (Tcf) (Tcf)
PROGRAM 1: Define Potential of
Deep Devonian Shales * * *
PROGRAM 2: Produce Marginal
Devonian Shales Through. - 6.0 0.3 1.7
Dual-Completion:
PROGRAM 3: Improve Recovery ' .
Efficiency 1.8 0.7 0.3
TOTAL - 7.8 0.4 2.0

*Gas production from Program 1 is economic only at $4.50
per Mcf; the production benefits at $4.50/Mcf are:
Ultimate Recovery - 0-6.7 Tcf; 1990 Annual Production -
0-0.3 Tcf; 1990 Cumulative Production - 0-0.1 Tcf.
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C. Incremental Production Benefits

SUccessf@11executj0n¢of these R&D strategies -- improvements
in resource characterization and -advances in technology, stimulated by
federa]/1ndustry research -- yxe]d substant1a1 beneflts

e At $3. 00 per Mcf, about 8, Tcf of add1txona1 gas
could be ultimately recovered through the research
prograh, providing 0.4 Tcf of additional annual
production‘in 1990.

° At a h1gher, $4 50 per Mcf, gas price, the gas poten-
- tial from Program 1 could also become economic,
ra1s1ng the u1t1mate benefits of the three programs
to a r?nge of 8 to 15 Tcf.

D. Cost-Effectivenéss Measures

)

Two measu}es were used to assess the relative cost-effectiveness
of the R&D strategi?é, stated in terms of Mcf of incremental recovery per
. dollar of federal eXpenditure (in constant 1977 dollars).

o Long- term measure - 1ncrementa1 u1t1mate recovery
(at $3 00 per Mcf) per dollar of federal cost.

o Near—term measure - 1ncrementa1 cumu]at1ve recovery
to 1990 (at $3.00 per Mcf) per dollar of federal
cost. |
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Exhibit 4-24 shows the cost-effectiveness measures for the
three Devonian shale strategies: ‘

e The long-term benefit of the program would be
about 270 Mcf per dollar of federal R&D.

e In thernear-term, between now and 1990, about
110 Mcf could be added to production per dollar
of R&D costs. ‘
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Exhibit 4-24

CostA:Effe'ctiveness Devonian Shale Strategies

Long-Térm Near-Term

Target/Prqgﬁam (Mcf/Dollar) (Mcf/Dollar)

PROGRAM 1: Define Pofentié] df‘Deep e ,
Devonian $ha1es * *

PROGRAM 2: Produce Marginal Devonian
Shales Through Dual- ’

Completion 520 - 150
PROGRAM 3: Improve‘Récovefy,Efficiencyr .80 .30
WEIGHTED AVERAGE | | 270 10

* For Program 1, the benefits can only be calculated
at a price of $4.50/Mcf: Long-Term = 0-780;-
Near-Term = O-1. !

oo
i
i
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’DEVONIAN‘SHALE

Extens1on of the Devonian Into the Deep
' Devonian Shale in Northern West Virginia
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Devon1an Sha]e Production in Con3unct1on ,
With the Formation Below Devonian Shale
in Qhio

Devdnian Shale in the Producing Regions of
Eastern Kentucky and Western West Virginia
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RESEARCH AND DEVELOPMENT STRATEGIES FOR THE DEVONIAN SHALE -
APPALACHIAN BASIN

The research and development program for recovering gas from
Devonian shales of the Appalachian Basin is organized into three programs:

o Program 1 - Resource definition and improved stimula-
tion techniques applied to deep shale formations in
Northern West Virginia and eastern Pennsylvania.

e Program’'2 - Dual completion of wells where the major
gas producing horizon is below the shale sequences in
Ohio. . | |

e Program 3 - Improving recovery efficiency by using
infill drilling, improved stimulation, and advanced
well completion techniques.
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Program 1

TARGET: Extension of the Devonian Into the Deep
: ~Devonian Shale in Northern West Virginia
~-and Eastern Pennsy1van1a noprey e ,

ij&D.STRATEGY Resource Def1n1t1on and Improved St1mu]at1on

Techniques®
_ .

h1.,_Centra1 Problem;wv )

Since the Devonian shale reservoirs, even in the best produCing
regions, provide marginal economic returns, there are considerable areas
where the brown/black shale sequences have not been explored by industry’

:One of the maJor areas cons1sts of northern West Virginia and eastern

Pennsylvania where the DeVon1an sequence is deeper than 5, ,000 feet. Exp1ora-
tion has not progressed to any substantial degree because of the h1gher costs
associated with deep;dr1111ngrand;thedlack of .confirmation that the sequences
wou]d produce sufficient quantities of- gas to be economical.

Moreover,‘systematic resource characterization of the shales at
these depths has not been done. Natural fracturing has been identified in

“the shallow, product1ve Devonian shale, but. it is uncertain whether the

fractures at greater depth still exist or have healed over time. Finally,

the gas content of the shale needs to be established

The 1ntent of the program wou1d be to accelerate extens1on drilling
through an. aggress1ve exp]orat1on and techno]ogy app11cat1on program.
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2. Scope of the Effort

The target formations in the Middle Devonian brown/black shale are
sequences which are at depths over 5000 feet. The gross formation contains
several intervals of shales with intérVening sandstone and limestone, includ-
ing the Elk, Sycamore, and Tully formations.

The geographic location of this target exists from Ritchie, Tyler,
“and Wetzel counties, West Virginia into Fayette, Westmoreland, and Indiana
counties, Pennsylvania.

3. .R&D Goals

" The research, development, and demonstratioh‘goa1s for this target
are to:

e Confirm the areal extent, vertical sequence, natural
fracture system, and gas saturation of the target
area.

e (ompare incremental additions of gas from various
stimulation technologies if gas reservoirs are discovered.

e Compare various completion techniques to identify
potential cost reductions.

e [Encourage industrial exploitation of the resource
by showing the cost effectiveness of shale gas
production.



4-7

4. R&D Activities

‘fo11OWing

To ach1eve these goa]s, ERDA would need to engaqe in the
R&D act1v1t1es

Task 1 - Identify from known geological® information ten
we]l ]ocat1ons which if found product1ve would demonstrate
the value of further exp]orat1on in the overall target
area

Task 2 - Dr111 ten wells. through the total Devonian section;
systemat1ca]ly comp]ete and treat each well with a series of
1ncreas1ngly complex stimulation technolog1es, a]low1ng
sufficient time in between treatments to determine the amount
of additional gas derived from each type of stimulation.

Task 3 - $tudy the entire intervals and conduct a complete
set of logs for each well to be stimulated. Analyze the

core datafunder in situ conditions to measure gas porosity
and gas permeability in both matrix and fracture porosity.

T | <
Task 4 - Test each well in a comparable fashion, using build-
ups, logg1ng, and selective stimulation, to identify the

’ productwon potential and ultimate recovery

Task 5 - Ana1yze the economic feas1b111ty of . produC1ng these
wells under the most cost-effective stimulation technology.
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5. Manpower and Field Test Requirements

The levels of manpower and the numbers of cores and resource
characterization wells to carry out the above research, development, and
demonstration activities are shown in Exhibit 1. .

~ The manpower requirements are based on the need to gather con-
siderable basic geologic and reservoir data to improve the capacity to
diagnose this data and to transfer the findings to the gas broduction industry.

The number of characterization cores and stimulation demonstration
tests are based on:

e Taking 10 resource evaluation and characterization
-cores in the undefined portions of the deep Devonian
shale areas.

e Conducting 10 demonstration tests.



) -~ Program 1
; EXHIBIT 1. _ R
- o - TOTAL PROJECT/MANPOWER REQUIREMENTS g » g -
. oo e v L i TARGET: Deep Devonian Shales

R&D ACTIVITIES (Physical Units) .
- ‘ h ; ' ) 5 ) " h-Year - (Strateqgy
Strategy Elements ' S ~ {FY.78) FY 79 FY 80. FY Bl ~ FY 42" FY83 . Total . Total)
1. Resource Characterization and . o ' g :

Appraisal (man-years) ; - I , o - v )

e Basic Geological Studies : S0 | O L B (6)

e Reservoir Properties Measurement s (1) 1 T R b5 (Y

e Recovery and Economic Stu_qies : Oy 1 T LRSI B -5 oo (6)
2. Improved Diagnostic Tools and Methods

(man-years) ‘ : S 5 . - : S

o Development R 2 2 2 2 2 .10 (10}
3. Field-Based Research, Development, .

and Demonstration (cores/wells) _ SN . , S A

e Cores - S oM 3002 -9 (10)

e Stimulation Tests " - A e 3 32 1 10 (1)
4. Technology/Information;Transfer (man-Years) ' LS IR R P | (5)

€LY
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6. R&D Costs

The R&D activities listed in Exhibit 1 are translated into yearly

budgets in Exhibit 2 (Total Program Costs) and Exhibit 3 (ERDA Share of
Total Program Costs).

tions:

follows:

The line items in the budget are based on the following assump-

One fully supported professional man-year costs'$100,000.

The cost of drilling, coring, logging, and testing a
resource characterization well is $400,000.

The incremental cost of a sequence of stimulation demonstra-
tion tests is $400,000.

The assumptions as to ERDA's share of total program costs are as

ERDA pays 100% of the professional man-year costs for
resource characterization, measurement research, and
technology transfer.

ERDA pays 100% of the costs of the resource characteri-
zation wells.

ERDA pays 50% of the costs of the incremental technology
and demonstration tests.



~ R&D COSTS (Thousands of 1977 Dollars)

Strategy Elements

1.

Resource Characteriiatioh‘aﬁd Appraisal

e Basic Geo]ogicél Studies

o'Reservoi} Properties Measuremen;

. Récovery and Ecbnqmic Studies
SUBTOTAL

Improved Diagnostic Tools andeefhods

L] Developménf ks

Field-Based Researéh, Development,
and Demonstration

e Rescurce <Characterization Cores
. Demqnstration Tests
SUBTOTAL

Technology/Information Transfer

TOTAL €OST

Program 1

EXHIBIT 2
‘TOTAL PROGRAM COSTS

~

© TARGET: Deep Devonian Shales

—

(FY 78) . FY.79- . FY 80 fY 81 fY 8 FY 8 ' Total Total)

(100) 100 100 100 100 00 500 (600)
(100) 100° 100 00 100 100 500 (600)
(100) 100 100 100 | 100 100 | 500 (600)
(300) - 300 300 300 300 W00 1,500 (1,800)
(200) 200 200 200 200 . 200 1,000 (1.209)
(400) 1,200 1,200 800 400 3,600 (4,600)

400 1,200 1,200 <800 - 400 4,000 - (4,000)
(400) 1,600 2,800 2,000 1,200 400 7,600 (8,000)

100 100 100 100 100 500 ( 500)

(11,500)

(900) 2,200 3,000 2,600 1,800 1,000 10,600

BiYear  {Strategy T

C

Gl-%




Program 1

EXHIBIT 3
ERDA SHARE OF TOTAL PROGRAM COSTS

TARGET: Deep Devonian Shales

R&D COSTS (Thousands of 1977 Dollars)

5-Year (Strategy

Strategy flewents (v 78)  FY.79 FY.80 FY 81 FY 8 FY 83 iotal Total)
1. Resource Characterization and Appraisal
® Basic Geological Studies (100} 100 100 100 100 100 500 (600)
® Reservoir Properties Moasurement (100) 100 100 100 100 100 500 (600)
® Recovery and Economic Studies (1o 100 100 100 100 100 500 (600)
SUBTOTAL (300) 300 300 300 300 300 1,500 (1,800}
2. Improved Diagnostic Tools and Methods
e Development ’ (200) 200 200 200 200 200 ‘1,000 (1,200)
3. Field-Pased Research, Development,
and Demonstration
e Rescurce Characterization Cores {40n0) 1,200 1,200 800 400 - 3,600 (4,000)
 Demonstration Tests L0 0 60 400 200 2,00  (2,000)
SUBTOTAL (4n0) 1,400 1,800 1,400 800 200 5,600 (6,000)
4. Technology/Information Transfer . 100 100 100 100 100 500 ( 500)
TOTAL ERDA COST: (0n) 2,000 2,400 2,000 1,400 300 8,600 (9,500)

9/-t
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. The ant1c1pated benef1ts from a successfu] comp]et1on of the

:,research and development program in extend1ng the- development of production
into the deep Devonian shales are not economic at $3.00 per Mcf. Thus, the
product1on benefltsqfor both the Base Case and the ‘Advanced Technology Case

are shown at $4.50 oer Mcf.

A range of estimated production is given due to

the considerable geological uncertainty of the resource base.

e Ultimate Recovery

° Production Rate in:
1985

i
1

Il

1990
1995 |
2000

-

.. After Success-

. Cumu]ative?Production by:
1985 |

1990
1995
2000

*Less than 0.05 Tcf

1

4.1

- Base Case ' _ ful R&D . A\ Due to Tcf
(Tcf) (Tcf) (Tcf)
9.6 9.6—16.3 ' 0-6.7
0.1 0.1 0
0.2 0.2 ‘ *
0.3 0.3-0.5 0-0.2
0.4 :0.4-0.7 0-0.3
0.2 0.2 0
1.1 1.1 , *
2.5 2.5-3.1 0-0.6
4.1-6.0 0-1.9
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8. Benefits and Costs

, The'key'cost—efféctiveness measures (incremental production per
dollar of ERDA cost} for the deep Devenian shales (at $4.50 per Mcf) are:

Cost-Effectiveness Measures : Value

(Mcf/%)

e Long Term Measure:
- Ultimate Recovery/ERDA 5-Year Costs - 0-800

e Short Term Measure:
1990 Cumulative Production/ERDA 5-Year Costs 0-6
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Program 2

TARGET: Devonian Shale Production in Conjunction with
‘ the Formations Below Devonian Shale in Ohio

R&D STRATEGY: Demonstrate Economic Feas1b111ty of Dual
Technologles -

1. Central Problem f

rfEconemicaliy producing the Devonian shale in Ohio poses a severe
challenge since the productive capacity of the Devonian sequence in much
~ of Ohio is Tow. A typical well in Ohio may produce one-fourth of the
already economical]ysmarginal wells in Kentucky and»West Virginia.

Much of +he central area of Ohio has been drtl?ed for the deeper
pays, notab]y the Clinton, the Medina, and the Oriskany sands. Although
the shale has been penetrated, the gas "shows" encountered have been so
minimal that the shaie formation has been virtually ignored.

. In Ohio, the Huron shale deposition is relatively uniform, and
while the expected,permeabilities and. porosities are small, these appear in
line with other areaé. The major prdb]em is the noticeable lack of natural
fracturing. Only tw6 known fau]ting areas exist in the interior: one is
in the vicinity of the Parkersburg ‘Syncline and the Cambr1dge fault, the
- other is around the New Cumberliand fault. ' ’

Tecton1ca11y, central Ohio did not experlence the same massive
upheavals that effected the Devonian sequence along the Allegheny FrOnt.
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Since its appears the Devonian in this area cannot be economi-
cally produced on its own, the cha]]enge becomes one of prOducing the
shale in conjunction with another known producing pay zone such as the
Clinton or Medina sands. The incremental amount of gas which could be -
generated through a carefully selected designed research and development
program could possibly, over a large extent of time, secure the needed gas
on a regionalized basis to make up the deficiencies experienced in Ohio
during severe-winter conditions, as well as provide additions to overall
gas supply. ' '

-The purpose’ of the program is to demonstrate to industry the
feasibility of developing their resources as an emergency suppliemental
source. '

2. Scope of the Effort

The main target formation is the brown shale sequences between the
Berea and Onondaga (Corniferous) which would include the Cleveland, Chagrin,
and Huron shale members of the Ohio shale formation.

Geographically the program would first investigate the defined and
anticipated drilling areas of the Clinton and then test formations for Devonian
shale deposition.

3. R&D Goals

The research, development, and demonstration goals for this target
are to:

e [Establish the production level of the Ohio shales.
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‘o Identify ‘the well completion techniqUes'that will secure
““the Ohio sha]es as a marginal ‘pay zone supported by the
better produc1ng 1ower sand formations.'

o"Determ1ne the most effective stimu]at1on techno]ogy that
will max1m1ze total production.

. Demonstrate that a supp]ementa] source of gas m1ght be regionally
deve]oped a]though ‘at’a high price, where the benefits of
avoiding p]ant closures m1ght Just1fy the requ1red invest-
ment and costs o

[

4. R&D Activities

/ To ach1eve these goals, ERDA would need to engage in the fol]ow1ng
B act1v1t1es .

e Task 1= Identify ten geographically dispersed typical
areas where the Devonian shaTes’over]ay tne major deeper
: 7produc1ng zones. The locations must be selected where
a reasonable potent1a] is ant1c1pated in recomplet1ng
the deeper pay.

e Task 2 - Dr111 ten wells over th1s def1ned area where
~each well would be systemat1ca11y comp]eted ‘and re-
treated with a series of increasing complex stimulation .
" technologies. Sufficient time would be allowed in
between treatment for accurate measurement of the
.additional gas derived from'each type of treatment.

e Task 3 - Fully test the Devon1an 1nterva1 1nc1ud1ng
»corfng and logging each we11. Ana]yze cores under
~in-situ conditions to measure gas porosity and per-

meability in matrix and fracture porosity.
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e Task 4 - Test each well in a comparable fashion; examine the
entire formation for any damage which might preclude using
the technology for stimulating the secondary formation.

e Task 5 - Recomplete and analyze production test results to
evaluate successive recompletions.

e Task 6 - Analyze the economic feasibility of producing these
wells under the most cost-effective stimulation technology.

5. Manpower and Field Test Requirements

The levels of manpower and the numbers of resource characterization
wells and tests to carry out the above research, development, and demonstration
activities are shown in Exhibit 1.

The manpower requirements are based on the need to define the Devonian
as well as the Clinton formations in the area and to transfer the results of
the dual completion technology to the industry.

The number of resource characterization wells and demonstration
tests are based on:

e Placing a total of 15 resource evaluation and characteri-
zation wells in the basin.

e Conducting 15 demonstration tests.



EXHIBIT 1

¥

TOTAL PROJECT/MANPOWER REQUIREMENTS

“R8D -ACTIVITIES {Physical Units) — oot

Strategy Elements

1

Prdgram 2

TARGET: Devonian Shale Producticn in
Conjunction With the Clinton
- Formation in Chio

 5-Year  (Strategy

., Resource Characterization and

Appraisal (man-years)

e Basic Geological Studies B (2
e Reservoir Properties Meésdrement - (@)
ovRecovery'ahd feonomic Studins v (2)

Improved Diagnostic Tools - a
and Methods (man-years) . ‘

e Development

Field-Based Research, DeVeTopment, -
and Demonstration (cores/wells)

e Resource Characterization Wells
e Stimulation Tests

Technology/ Information Tfansfer[(man-years)

C(FY.78)  FY.79

Fy 81 FY.82 FY- 83 Total -~ _Total)

2 2 10 (12)

2 2 [ (12)

: . =~

2 2 0 117) 'éo
[FY]

2 2 15 (15)

2 2 15 (15)

3 2 15 (15)

2 2 10 (10)
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6. R&D Costs

The R&D activities listed in Exhibit 1 are translated info yearly

budgets in Exhibit 2 (Total Program Costs) and Exhibit 3 (ERDA Share of
Total Program Costs).

follows:

The 1ine items in the budget are based on the following assumptions:

One fully supported professional man-year costs $100,000.

The cost of drilling, coring, logging, and testing a
resource characterization well is $200,000.

The incremental cost of a multiple completion demonstration
test is $300,000.

The assumptions as to ERDA's share of total program costs are as

ERDA pays 100% of the professional man-year costs for
resource characterization, measurement research, and
technology transfer.

ERDA pays 100% of the costs of the resource characteriza-
tion wells.

ERDA pays 67% of the costs of the technology and demon-
stration tests.



R&D COSTS (Thousands of 1977 Dollars)

EXHIBIT 2

TOTAL PROGRAM COSTS

Strategy Elements

1. Resotrce Characterization and Apbfaisal
. Baéjc'Gep]ogjcal Studies
e Reservoir Properties Measurement
. Recdvery‘and Economic Stddfes
SUBTOTAL
2. 'Improved Diagnostic Tools and Methods °
.‘ngélopment'  —

3. Field-Based Research, Development, -
and Demonstration :

e Resource Charatféfiiat%oﬁ Wells
e Demonstration Tests
 SUBTOTAL

4. Tecknology/Information Transfer

TOTAL COST

Program 2

TARGET: Devonian Shale Production in
- Conjunction with the Clinton -
Formation in Chio

-—5-Year----{Strategy-— ——-

(FY.78) FY79 FY80 FY8 FY82 FY83 Total Total)
(200) 200 200 200 200 200 1,000 (1,200)
(200) 2000 200 . 200 200 200 1,000 (1,200)
(200) 200 200 200 200 200 - 1,000  (1,200)
(600) 600 600 600 600 600 3,000  (3,600)

400 400 300 200 200 1,500 (1,500)

800 800 600 400 400 3,000  (3,000)

600 1,200 1,200 900 600 - 4,500 (4,500)

1,800 2,000 1,800 1,300 1,000 - 7,500 (7,500)

200 200 200 200 200 1,000 (1,000)

(600) 2,600 3,200 2,900 2,300 2,000 13,000  (13,600)

g8~




EXHIBIT 3
ERDA SHARE OF TOTAL PROGRAM COSTS

RED COSTS (Thousands of 1977 Dollars)

Smﬁgakikm@¢§

1.

s

Resource Characterization and Appraisal

e Basic Geological Studies {200)

e Reservoir Properties Measurement (200)

® Recovery and Econpmic Studies (200)
SUBTOTAL ) (600)

Improved Diagnostic. Tools and Methods

e Development . -

_Field-Based Research, Development,

and Demonstration
® Resource Characterization Wells
o Demonstration Tests

SUBTOTAL

Technology/Information Transfer

TOTAL ERDA COST: (600)

(FY 78)

Program 2

TARGET: Devonian Shale Production in
Conjunction with the Clinton
Formation in Ohio
5-Year (Strateqy
FY 79 FY 80 Fy 81 FY 82 FY 83 Total Total)
200 200 200 200 200 - 1,000 (1,200)
200 200 200 200 200 1,000 (1,200)
200 200 200 200 200 1,000 (1,200
600 600 600 600 600 3,000 (3,600)
400 400 300 200 200 1,500 (1,500)
800 800 600 400 400 3,000 (3,000)
500 800 _ 800 600 400 3,000 (3,000).
1,290 1,600 1,400 1,000 800 6,000 (6,000)
200 200 200 200 200 1,000 (1,000)
2,300 2,800 2,500 2,000 1,800 11,500 (12,100)

98-v
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7. Production Beqefits

i
i

The anticipated benefits .from a successful completion of the
- research and development program for Dual Completion of Devonian Shales
are estimated (at $3.00 per Mcf) as:

= o After Success- |
Base Case ful R&D ADue to R&D

(Tcf) (Tcf) (Tcf)
o Ultimate Recovery . “0.9 . 6.9 6.0
. Produdtion Ratekin;r , / :
985 . 0.1 0.1
1990 0.1 0.4 0.3
1995 * 0.3 0.3
2000 * 0.2 0.2

e Cumulative Production by:

1985 - 0.1 0.5 0.4

1990 0.4 2.1 1.7

1995 | 0.7 4.0 3.3
5.5

2000 0.8 4.7

*| ess than 0.05 Tdf
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8. Benefits and Costs

The key coSt—effectivehess measures (incremental production per

.

-dollar of ERDA cost) for Dual Completion-of Devonian Shale (at $3 00 per

Mcf) are:

Cost-Effectiveness Measures

e Long Term Measure:
Ultimate Recovery/ERDA 5-Year Costs

e Short Term Measure:
1990 Cumulative Production/ERDA 5- Year Costs

Value

(McF/$)

521

148
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Program 3
TARGET: Devonian Shale in the Producing Regions of -

- Eastern Kentucky and Western West V1rg1n1a

R&D STRATEGY: Improv1ng Recovery Eff1c1ency P e

1. Central Problem. -

A typical Devdnian shale well will produce between 200 and 500 MMcf
over a thirty year l1fet1me and based .on analysis supported by simulation,*
recover 40 to 60% o? the or1g1na1 gas in place. Given the existing develop-
ment practices, it hay be possible, through .infill drilling and new stimula-

tion technologies, to improve, the recovery efficiency and. thus recover more
of the original gasj1n place. .
\

J

2. Scope of the: Prob]em
-

' The targef area for this program is the Upper Devon1an -brown/black
shales of eastern ﬁentucky and western West Virginia. Parts of this area are
current]y produc1ng, and several are being deve]oped ’

3. .R&D”GOals

J
T T P R | o
SO G ey R LR o
The research, development, and demonstration goals for this target
are to: %

® Confwrm the potent1a1 of 1mprov1ng recovery by approx1mate1y 20%
’through 1hf111 and deve]opmental dr1111ng

o (Compare 1hcrementa1 add1t1ons of gas from various
st1mu1at1¢n techno1og1es and well complet1on techn1ques

o Encourage{industrial exp]bitation by showing the cost
effectiveness of increasing production.
|

* Assum1ng 1sotrop1b homogeneous and non-homogeneous gas flow.

-/
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4. R&D Activities

To achieve these goa]s ERDA would need to engage in the following
activities: o | ' |

e Task 1 - Identify the higher potential areas of Devonian
shale gas production amendable to improved recovery prac-
tices.

e Task 2 - Drill or recomplete wells in the identified areas
and systematically treat each well with a series of increas-
ingly complex stimulation technologies, allowing sufficient
time between each treatment to determine the additional
increment of gas derived from the method of stimulation.

e Task 3 - Analyze the economic feasibility of producing this
incremental addition to ultimate recovery under the most
cost effective stimulation technology.

5. Manpower and Field Test Requirements

The Tevels of manpower and the numbers of cores and resource
characterization wells to carry out the above research, development, and
demonstration activities are shown in Exhibit 1.

The manpower requirements for resource characterization are

small as much of the area is expected to be defined by industry.



EXHIBIT 1

Program 3

TOTAL PROJECT/MANPOWER REQUIREMENTS

R&D ACTIVITIES (Phys1ca] Un1ts)

: Strategy | Elements i

1.

Resource Characterization and
Appraisal (man-years} :

® Reservoir Properties Measurement

* Recovery and Economic Studies

. Field-Based Research Devnlopment,‘
‘and Nemonstration (corec/wells)

e Te: hnology Test Wells

e Demonstration Test Wells

(5)

Technology InformationiTransfer (man-years)

FY 79

10

FY_80

10

Improving Recovery Efficiency

TARGET: ‘
- __ ______in the Devonian Shales
D  5-Year  (Strategy
FY 81 FY 82  FY 83 Total - Total)
2 2 2 v 10 -{15)
2 2 2 10 ~(15)
12 2 2 12 “(12)
10 - 10 5 45 (45)
1 i 1 5 ~(5)

L6-v
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The number of technical tests and demonstration tests are based

(

Conducting 10 technical stimulation and 2 deviated well tests.

Conducting 45 demonstration tests, 10 per each of the three:
developed areas (Areas I, II, and III), with the wells divided
equally between the drilled and undrilled areas, and 5 each

in the undrilled portions of Areas IV-VI.

6. R&D Costs

The R&D activities listed in Exhibit 1 are translated into yearly

budgets in Exhibit 2 (Total Program Costs) and Exhibit 3 (ERDA Share of
Total Program Costs).

follows:

The Tine items in the budget are based on the following assumptions:
One fully supported professional man-year costs $100,000.

The cost of conducting an advanced fracturing and well comple-
tion test is $200,000 and the cost of a deviated well is $500,000.

The cost of a demonstration test is $200,000.

The assumptions as to ERDA's share of total program costs are as

ERDA pays 100% of the professional man-year costs for resource
characterization, measurement research, and technology transfer.

ERDA pays 100% of the costs of the technology tests.

ERDA pays 50% of the costs of the demonstration tests.
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EXHIBIT 2
TOTAL PROGRAM COSTS

R&D COSTS (Thousands of 1977 Dollars)

- Strategy Elements .

1.

Resource Characterizatlon and Appraisal

"o Reservo1r Propert1es Measurenmnt

Recovery and Economic Studies

SUBTOTAL

-and Demonstration

Field Based Research Development.

. Technical Tests

VOJUemonstratioanestsg ;

SUBTOTAL

Techno]ogy/lnformation Transfer

TOTAL,COST:

TARGET: Improving Recovery Efficiency '
-+ in the Devonian Shales

5-Year  (Strategy

(FY 78) FY-79 - FY 80 FY 81 FY 82 ' FY 83  Total | Total)
(500) 200 200 200 200 200 1,000 (1,500)
(500) 20 200 200 200 200 1,000  {1,500)
(1,000) 400 400 400 400 400 - 2,000 (3,000)’
900 900 - 400 - 400 . 400 - 3,000 (3,000)

2,000 2,000 2,000 2,000 1,000 A 9,000 (9,000)

2,900, 2,900 2,400 2,400 1,400 . 12,000. (12,000)
100 100 100 100 100 500  (500)

(1,000) 3,400 3,400 2,900 2,900 1,900 14,500  (15,500)

€6-t
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EXHIBIT 3
ERDA SHARE OF TOTAL PROGRAM COSTS

TARGET: Improving Recovery Efficiency
in the Devonian Shales

R&D_COSTS (Thousands of 1977 Dollars)

5-Year (Strategy
Strategy Elements , {FY 78) FY 79 FY 80 FY 81 FY 82 FY 83 Total Total)

1. Resource Characterization and Appraisal

e Reservoir Properties Measurement (500) 200 200 200 200 200 1,000 (1,500)
® Recovery and [conomic Studies {500) 200 200 200 200 200 1,000 {1,500)
SUBTOTAL (1,000) 400 400 400 400 400 2,000 (3,000)

2. Field-Based Research, Development,
and Demonstration

® Technical Tests 9no 900 400 400 400 3,000 (3,000)

® Demonstration Tests 1,000 1,000 1,000 1,000 500 4,500 (4,500)
SUBTOTAL 1,900 1,900 1,400 1,400 900 7,500 (7,500)

3. Technology/Information Trénsfer 100 100 100 100 100 500 {500)
TOTAL ERDA COST: (1,000) 2,400 2,400 1,900 1,900 1,400 10,000 {11,000)

¥6-t
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7. Production Benefits

- The anticipated benefits from a successful completion of the
research and deve]dpment.program for increasing rechery.efficiency'in
the Devonian shalei are estimated (at $3.00 per Mcf) as:

~After Success-

Base Case ful R&D ~ ADue to R&D

(ch) , (Tcf) (Tcf)

e Ultimate Recovery 0 .o 1.8 1.8

e Production Rate in: ' |
1988 o L= *
1990 0 0.1 0.1
1995 0 0.1 | 0.1
0 0.1 0.1

2000

e Cumulative Production by:l

1985 0 0.1 0.1

1990 0 0.3 0.3

1995 0 0.6 0.6
| 0

2000 0.8 0.8

*Less than 0.05 Tcf -
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8. Benefits and Costs

The key cost-effectiveness measures (incremental production per
dollar of ERDA cost) for increasing recovery efficiency in the Devonian

shales (at $3.00 per Mcf) are:

Cost-Effectiveness Measures

e Long Term Measure:
Ultimate Recovery/ERDA 5-Year Costs

e Short Term Measure:
1990 Cumulative Production/ERDA 5-Year Costs

Value

(Mcf/%)

180

30



CHAPTER FIVE
METHANE FROM COAL SEAMS

Part 1
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I. ~INTRODUCTION
'A, -Background

S1nce ‘the 1ncept1on of underground coa] m1n1ng, the re]ease of
methane from ‘coal beds ("coa] gas") has posed a hazard to m1n1ng safety
When methane comb1nes with air, it forms a flammable mixture and is the cause
- of countless mine eXp]osions. '

In response to th1s hazard the Federa] government has undertaken
numerous efforts to 1nsta1] 1mproved safety measures “and regu]at1ons While
cons1derab1e 1nformat1on has now been gathered on methane em1ss1onss most of
th1s has been gathered from a perspect1ve of safety, d1spos1ng of the unwanted

fmethane in m1nes - rather than from a perspect1ve of supp1y -- captur1ng the
" methane for 1ncreasing domestic gas supplies.

Recoverlng this .now vented methane could prov1de an important aug-
mentat1on to local supp]1es of natura] gas Moreover, these supplies could
be made 1mmed1ate1y ava11ab1e s1nce the technology is re1at1ve1y s1mp1e and
is common]y used 1n severa] European countr1es, notab]y Great Br1ta1n and
”,Be]g1um e '

In addition to methane recovery'in association with mining, addi-

: t1ona1 potent1a1 sources of methane are 1n the deep, current]y unminable coal
.seams of the West Such coa] seams are current]y cons1dered too th1n or too
deep for m1n1ng, and may conta1n cons1derab1e methane resources that cou]d
be econom1cal]y produced '

i
P S
i




Recent efforts by the Bureau of Mines, Pittsburgh Mining and
Safety Research Center, under the direction of Maurice Deul, have initiated
research and demonstration efforts toward the dual objectives of increasing
mining safety and adding to domestic gas supply through methane recovery
from coal seams. This chapter draws on the considerable knowledge base
that has resulted from these past R&D efforts. |

B. Nature of the Prob]em.

The methane released from coal mining stems from.three sources:
(1) from the coal seam itself where the methane is held by adsorption in
the structure of the coal and is released when the coal is mined; (2) from
the thin sand lenses adjacent to the coé] seams that also serve as a reser-
voir for desorbed gas; and (3) from fractures where methane has accumulated
by desorption.

Since coal is impermeable, the gas must flow either through the
natural fracture system in the coal (the butt and face cleats) or must
flow through the microporous structure of the coal. Unless an area is
naturally highly fractured, such as in the Big Run Field of West Virginia,
unstimulated vertical holes drilled into the coal will not release appreci-
able amounts of methane.

Although several approaches have been tried and have produced
gas, none, as of yet, have demonstrated economic feasibility as purely a
gas recovery project. Each approach must rely upon the safety benefits
and mining production efficiencies that accrue from lowered emissions
(particularly instantaneous gas bursts). The production rates and dura-
tion of production have, to date, been too lTow or too uncertain to offset
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‘the considerable costs of well dr1111ng, water removal, compression,
piping, st1mu1at1on, gas purification, and gathering costs assoc1ated
with commerc1a1 recovery of methane from coal.

In add1t1on to methane recovery in current]y m1ned coal seanms,
‘ ‘a cons1derab1e resource could exist 1n format1ons too thin or too deep
‘for economic m1n1ng, at 1east at present Should these unminable coa]beds ,
have geolog1ca1 features that are favorable to eff1c1ent recovery, e. g.,
high. 1ntens1ty of natura] fractures, relatively thick pays, high gas con-
tent, and uniform beds and seams, they could. represent a commercial source
of natural gas supply

At this t1me however, rap1d exo1o1tat1on is hampered by an
inadequate def1n1t1pniof,the resource, uncertainties in recovery techno-
n]ogies for the deep?coal, and the marginal economics of collecting and
marketing the resource. These Timitations are further described in the
following settions.? - ' e e -

v

Thus, evaluat1on of potential: commerc1a] product1on of methane
from coal should cons1der both:

o Methane récovery'from minable coal where the major
drilling costs are allocated to.improved safety and
product1v1ty so-that the. proceeds from. the sale of"
the methape may be used to pay for the incremental
costs of pur1fy1ng, compress1ng, and gather1ng the
gas from the wellbores

“{9:>Methane productlon from deep, currently unminab]e coa1
-f;.zfseams having geolog1ca1 h1gh1y favorab]e character1s~
B Vt1cs AR - /
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II. METHANE FROM MINABLE COAL SEAMS

A. Resource Base

1/

Basic studies of methane emission from U.S. coal mines— prepared
by the Bureau of Mines, Department of Interior, supplemented by contacts with
major coal mining companies, served as the data source for methane resources
associated with mining.* This information showed that in 1975:

e About 200 bituminous coal mines in the U.S.
emitted at least 100 Mcfd of methane each.

e Total emissions from these mines in 1975 was 216
MMcfd, or about 80 Bcf per year, and has remained
stable at this level since 1971 (Exhibit 5-1).

e Methane emissions are cuncentrated in a limited
numbef of mines; the 60 mines with emissions of
1 MMcfd or more accounted for 79 percent of the
total methane emissions; the 20 mines with the
largest daily emission rates accounted for 48%,
as shown on Exhibit 5-2.

e The Appalachian region accounted for 86% of the
total emissions. Exhibit 5-3 provides the loca-
tion of the high methane emission mines.

* The recovery estimates for this now vented methane were based
on a series of investigative reports by the BOM (RI 8195, RI 7703,
RI 8047, RI 8174, RI 7968, and RI 8195, among others) and from per-
sonal correspondence and discussion with major coal production com-
panies. Companies contacted as part of this study included: Bethleham
Mining Corp., Island Creek Coal Co., Lykes Resources, and United Gas
Pipeline.
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ExhlbltS 1

Methane Emlssmns from U S. Bituminous Coal Mines

300MMcfd - (100Bcf/Yr.)

227.0Mmcfd a
(83Bcf/Yr.) 214.5Mmcfd 21 6-3Mmcfd
(78Bcf/yr,) (79Bcf/Yr.)

200McFd - (75Bcf/Vr.)

100Mcd - (36BcF/Yr. )

1971 1973 1975

SOURCE: Irani, M.C., Jansky, J.H., Jeran, P.W. and Hassett 6.L.

Methane Em1ss1ons from U.S. Coal Mines in 1975 A Survey
: U;S;'Bureau;of M1nes, IC 8133, 1977
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Methane Emissions from U.S. Coal Mines
(20 Largest Methane Emission Coal Mines)

Mine Name

Loveridge
Humphrey No.7
Federal No.2
Blacksville No.2
Osage No.3
Beatrice

Concord No.1

Olga

Robena

Blacksviile No. 1
Bethlehem No. 32
Robinson Run No.95
Arkwright

Federal No.l

Virginia Pocahontas No.1l
Cambria Slope No.33
Virginia Pocahontas No.?2

. . Virginia Pocahontas No.3

L.S. Wood
Gateway

SOURCE :

Exhibit 5-2

Location

Marion Co., W.VA.

Monongalia Co., W.VA.
Monongalia Co., W.VA.
Monongalia Co., W.VA.
Monongalia Co., W.VA.

Buchanan Co., VA.
Jefferson Co., ALA.
McDowell Co., W.VA.
Green Co., PA.

Monongalia Co., W.VA.

Cambria Co., PA.
Harrison Co., W.VA.

Monongalia Co., W.VA.

Marion Co., W.VA.
Buchanan Co., VA.
Cambria Co., PA

Buchanan Co., VA.

“Buchanan Co., VA.

Pitkin Co., COL.

VGreen Co., PA.

Coalbed

Pittsburgh
Pittsburgh
Pittsburgh
Pittsburgh
Pittsburgh

Pocahontas #3

Pratt

Pocahontas #4

Pittsburgh
Pittsburgh
Kittanning
Pittsburgh
Pittsburgh
Pittsburgh

Pocahontas #3v

Kittanning

Pocahontas #3
Pocahontas #3

Basin B
Pittsburgh

TOTAL TOP 20

TOTAL - Top 20 Percent of U.S.

Irani, M.C., J.H. Jansky, P.W. Jeran, and G.L. Hassett,

Methane Emissions from U.S. Coal Mines in 1975, A Survey.

U.S. Bureau of Mines, IC 8133, 1977.

Methane

Emission
MMcfd

11.

N W W W WWES BB S DB DB OO0 O OO —
|\4 W WP O OO O WW Ul OO — & © W = W o

103.5

47.8

(b}
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Exhibit5-3

Location Map of Counties With Bituminous Coal Mines
_Emitting At Least 100,000 cfd of Methane in 1975

SOURCE: Irani, M.C., J.H. Jdansky, P.W. Jeran, and G.L. Hassett, Methane

Emissions from U.S. Coal Mines in 1975, A Survey. U.S. Bureau
of Mines, IC 8133, 1977. N
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e Mines in the Pittsburgh coal bed in southwestern
Pennsylvania, eastern Ohio, and northern West
Virginia accounted for almost- one-half of total
emissions; the second highest source, mines in
the Pocahontas No. 3 coal bed in southern West
Virginia and northwestern Virginia, accounted for
about 13% of the total.

These estimates indicate that research into methane recovery in
association with mining should focus, at least initially, on the Appalachian
area. ‘

B. Applicable Recovery and Conversion Technology

Capturing the methane now produced in association with mining
requires an efficient recovery and conversion technology. In turn, efficient
recovery requires a highly permeable interconnection through the plane of the
major fracture system, the face cleats. Several approaches have been under-
taken to obtain this interconnection, including:

e Drilling wells into the beds above the coal seams,
mining the coal with a Tongwall machine, and having
the structure collapse to create a connected frac-
ture system linked to the wellbore. ’

e Drilling deviated wells from the surface into the
coal seam to intersect the planes of the face cleats.

e Using hydraulic fracturing to intersect the natural,
face and butt cleat, fracture system.
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° 'Dr111ihg horizontal holes at 90 degree angles to the
face cleats (horizontal holes drilled parallel to
the face c]eats generally have much lower production).

The first?three'of these entail drilling from the surface of the
earth, whereas horitontal drilling takes place from the mine shaft. All
four methods have pfoduced gas, but none,.as yet, have demonstrated economic
feasibility as a stand alone project. Econom1ca11y, all depend on the bene-
fits of more rap1d and efficient mining and mine safety for the1r Justifica-
tion. The technolog1ca1 prob]ems and 11m1tat1ons of each of these recovery .

'approaches are descr1bed below.

,1,»_Degasification by Vertical Drilling

a. ' Using Vertical Wells With Longwall Mining

One means for degasifying mines involves combining longwall
mining with verticai wells, drilled above coal seams. The technique is-
essentially des1gned to draw off ‘the methane accumu]at1ng in mlned out areas
(gob gas). Data based on 10 years of exper1ence in:-the. Lower K1ttann1ng coal-
bed in central Pennsy1van1a 1nd1cate that

. Th1s approach is- part1cu1ar]y effect1ve when ,
a cons1derab1e portion of the methane is trapped
in the rock strata above the coal seam (as well
as within the‘micropores and7fractUres'of the |
*coalbed). ) - ' |

° L1tt1e, if any, flow can be expected unt11 m1n1ng
passes beneath the we]l, a110w1ng sett11ng of the
mine ceiling with corresponding fracture of the
gaé—bear1ng overburden.
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e Exhaust fans or vacuum pumps -are required to
extract the methane.

In terms of methane flow, the initial rate was above
1,000 Mcfd and decreased steadily after its initial peak. The results of
field investigations of this technique by the'BOMg/ showed that appreci-
-able quantities of methane and methane/air mixtures can be produced.*

However, for the methane to be economically convertible for
traditional use, it needs to have a concentration of at least 50% of the
total gas produced. The produced methane/a1r mixtures may have a sufficient
concentration during the first 3 to 6 months of 1ife of the well to be economic.

The past field tests show that about one-third to two-thirds
of the gas produced will have methane concentrations of 50% or greater.**

* The data from the f1e1d test showed:

e Methane flow from one borehole started at 1,400 Mcfd,
declined to 300 Mcfd in 5 months;

e Production from a second borehole started at 1 ,000
Mcfd, decreased to about 200 Mcfd in 5 months, and
s1ow1y declined to about 100 Mcfd in 2 years; and

e The two boreholes together vented about 150 MMcf
of methane while in service.

** In the BOM test, reported above:

e The first well started with a 90% methane concentra-
tion and deciined to 50% in three months.

e The second well started with a 60% methane concentra-
tion that declined below 50% in 2 months but experienced
an increase in concentration to over 50% that was main-
tained during its full second year of operation.



; ~Ten year experience in the Lower Kittanning coalbed shows
Athat a vert1ca1 borehole with Tongwall. m1n1ng can produce from 60 to 100
~ MMcf of total methane at a concentration of 50% or more of the poten-
tially explosive gas. The two.wells in thelBOM.study;produced an immediate
.. 75% decrease in the:methane emission- identified within the mine.

5 ‘ In terms of econom1ca11y recoverab1e methane (hav1ng methane
_concentrat1on of 50% or greater) a boreho1e may recover from 40-60 MMcf
‘ based on BOM and other company data

“As’ such an apprOach~begins'to'be’further used in the gassier
coalbeds (such as'the Pocahontas No. 3), a single borehole may be able to

“*produce over 200 MMcf of methane, with 120 ‘MMcf hav1ng a concentration of

50% or greater.

b. Using beviatéd Wells and Stimulated Wells

- Two- add1t1ona1 'surface based techniques have potential for
\recover1ng methane 1n assoc1at1on with and ‘in advance of coa] mining,

fname]y ”1'~»
~ |

° Us1ng wells dr1]1ed vertica11y from the sur-
’ vface and then deviated to hor1zonta11y inter-
'Tsect the coa] face. Dot '
. 34 r ;,,»‘,\: SRR B - :
e Us1hg vert1ca1 we]]s from wh1ch hydrau11c
fractures are 1nduced in the coa] seam.

.J
|
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Although each_approachAhas been tried in the Appalachian Basin,
the results to date have been disappointing. Deviated wells are expensive
and technically difficult to control in the often thin and discontinuous
coal seams of the Appalachian Basin. Vertical wells hydraulically stimu-
lated and drilled in advance of mining may be useful for draining water ‘and
reducing the hazards of instantaneous bursts of gas and thus useful in terms
of mine safety and productivity, However, this approach provides only limited
recovery efficiency of the methane contained in the coal seam and thus offers
a low potential alternative for methane récovery and utilization.* (Should
the gas be trapped in the strata above the coalbed, it may be possible to
recover this using stimulated vertical wells; however, since this involves
fracturing the overburden, it may prove a significant safety hazard to subse-
quent mining operations.) '

2. Degasification by Horizontal Boreholes

A second means for recovering methane in conjunction with mining
is by using a horizontal borehole drilled into the coal face. This approach
appears more efficient when the larger portion of the methane is contained
within the microporous structure of the coal rather than in the rock strata
adjacent to the coalbed.

Horizontal boreholes have been used widely in the major, gassy coal
mines, including the Pittsburgh and Pocahantas No. 3 coalbeds in Appalachia
and the Sunnyside coalbed in Utah.

* As discussed further in Section III, Methane from Unminable
Coal Seams, the fracture will tend to parallel the face cleats
and thus will provide low recovery efficiencies, on the order
of 10 to 20% of the amount that would result from intersecting
the face cleat system.
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In tests tondUcted‘by'BOMé/ (using a total of 15 horizontal
boreholes from a mu?tipurpose borehole and an air shaft) in the Pitts-
burgh coalbed, two brojeets recovered 1.8 Bcf of methane in 4 years, for
an average of over ]00 Mcf per day, or 100 MMcf per life of each hor1zon-
tal borehole. |

A more common approach is to use horizontal boreholes of about
500 to 1,000 feet‘drilled'abOUt 2 to 4 weeks ahead of mining. In this
case, the product1on rate may range from a negligible amount (less than
1 Mcfd) to over 200 Mcfd depend1ng on the orientation of the borehole with
the face cleat system, the cont1nu1ty of the pay, and the gas content of
the coal. Based on! the past data, an average product1on of 100 Mcfd for
30 days, for a tota] of 3 MMcf per service life, may be a reasonable target
for a 1,000 foot hor1zonta1 borehole. Under a higher pr1or1ty methane
recovery program, 1t may be possible to drill the horizontal borehole 6
months or more ahead of mining, thus poss1b1y ra1s1ng the target recoveries

to 20 MMcf or more per hor1zonta1 boreho]e

A final option/for using horizonta1,boreholes.would be to drill the
borehole so that it intersects other coal seams overlying or underlying the
mined coalbed. While cons1derab1e geo]og1ca1 study would be requ1red to define
the potential, this |could prov1de an important means for 1ncreas1ng the potential
of methane recovery from coal seams ‘ ' ’ ‘

3. Additional Knowledge Requ1red to. th1m1ze the
Recovery Technology - s

‘The recent work by BOM has great]y advanced the knowledge base in
methane recovery from coal seams -- particularly by def1n1ng the methane con-
tent of the coal and orientation of the cleat system.  Designing the appropr1ate
recovery technology now requires that the following research tasks be undertaken:
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e Determining the precise diffusion constants applic-
able to the different coalbeds, particularly in
relation to the water and existing pressure in the
coalbed (to assist in predicting recovery).

e Identifying the location of the bulk of the methane
to be drained, as to whether it is in the coalbed or
in the overlying structure (to assist in choosing
between surface versus underground boreholes).

e Mapping the uniformity of the coalbeds (to assist in
designing borehole length and direction).

e Determining the intensity and dominant direction of
the cleat systems (to assist in predicting recovery
and designing the drilling program).

e Designing the appropriate auxiliary equipment (e.g.,
pumps, gathering lines, etc.) essential for recovering
a larger percentage of the methane now being vented.

C. Converting the Methane for Commercial Use

Once the coal gas has been recovered from the coalbed (or overlying
rock strata), it can be diverted toward three uses:

e Directly into a natural gas pipeline -- when the
quality and methane content of the recovered gas
is sufficiently high, the coal gas can be gathered,



purified,
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pressurized, and injected into.a pipeline.

Pipeline specifications require methane contents of at

. Jeast 95%.

with:carbon;dioxide content of 3% or less.

Much of the’coal gas will need to be first purffied and
upgraded before it can be injected into a commerc1a1

- natural g3

Conversion
cuartly for
lected as
upgraded (
.. then. proce
rectificat
technology
coal gas,-
for the’pr

 Other end
coal gas,

between 50 ¢

s. pipeline.

intollquified natural gas (LNG) -- parti-

the lower methane concentrat1on gob gas col-
part of 1ongwa11 m1ning ‘Here ‘the gas is first
e.q., dewatered and stripped of the C0,) and
ssed through a series of heat exchangers and a
imcdmnmpMMprem&,wwrwwmt
about 30 to 80%* of the energy value of the
depending on its pur1ty, wou]d be used as fuel
ocess. ' '

JSE§ -—ffinally,~it may be possible to use the
particularly coal. gas with methane concentration
and 80%, for local power. generation, coal drying,

or, after upgrading to about 80%, for local industrial uses

such as in

the production of ammonia.

* The energy consumption for producing LNG is about 300
to 400 cubic feet per 1,000 cubic feet of 90% plus

,,concentrat1on methane feedstock and establishes the .
minimum required concentrat1ons for techn1ca1 and

' econom1c fea51b111ty. B Lo
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Other mefhane recovery and conversion approaches, beyond the
above three, have been proposed, such as the use of membrane separation,
centrifugation, or solvent extraction. While each of these requires
further basic study at this time, they do not appear economic nor highly
efficient. For example, using membrane separation, even in five stages,
would provide a recovery efficiency of about 2% and the energy input
requirements of centrifugation are far above the energy output.

D. Economic Issues in Recovery and Conversion

The economics of recovering methane in association with mining
rely greatly on the residual safety and efficiency benefits that accompany
mine degasification. The costs are as follows: ‘

e Drilling and completing a vertical hole from the
surface costs from $20 to $30 per foot; adding
other components, which will vary from one instal-
lation to another (exhaust fan, pump, pipe, access
roads, etc.), makes the cost of a typical 1,000
foot vertical hole about $50,000 to $60,000.

e Drilling and completing a horizontal hole from
the mine face is cheaper, at about $6.00 per foot;
adding a collection system, pump, exhaust fan, etc.
makes the cost of a typical 1,000 foot horizontal
hole about $10,000 to $15,000.

However, even though the initial drilling and completion equipment
and well operating costs are relatively low and can be readily justified on
the basis of safety and mine efficiency (for example, a 1% increase in mine
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efficiency will readiiy pay back the capital costs of degasification),

the surface co]]ect1on

upgrading, and transportat1on costs can be con-

siderable. Pre11m1nary estimates show that W1thout a charge for drilling
or well equ1pment or we]1 operat1ons, it may be econom1c to convert the

methane to LNG to use

it d1rect1y for generat1ng Jocal power or direct

‘heat, or to col]ect and upqrade it (where necessary) for delivery directly

into p1pe11nes at $1. 75 to $3.00 per Mcf. Thus, the major barriers to
making recovery econom1c (1n addition to the techno]oglcal and qeo]oglcal
uncertainties descr1bed above), would include: '

° 0bta1n1ng suff1c1ent quant1t1es of gas in each loca-

" tion to 3ust1fy the bu11d1ng of gather1ng and trans-

portat1on fac111t1es

Designing the most appropriate'recovery’System for a

given type of mining operation and coal seam, includ-

ing:

-- Using horizontal boreholes Hrilled into the

4

coa] seam from the bottom of a shaft or an

air vent

-- Using vertical wells drilled above coal seams;_

 gas.

e Developing e

generally with 1ongwa11\mining, tp-eapture_gob

:conomical small-scale means fOrvpurifying and

upgrading the produced air/methane mixture using cryogenic

11qu1f1cat1on to generate LNG partlcularly for 1nd1v1dua1
rural and 1ndustr1a1 consumers not now served by a ut111ty
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E. Potential Production from,Appalachian~Coa1»Seams

The recovery of methane from the Appa]ach1an Ba51n w111 need

to follow the pace of current m1n1ng and the open1ng of new mines. Cur-
~ rently, the mine shaft and 1ts progress through the coalbed provide the
most ideal wellbore 1mag1nab1e to a reservo1r engineer and serves as the
point of release for the total of the methane emitted in association w1th

mining.

Since this is the_max1mum that would be emitted through a pre-

drainage program, all estimatesrbf methane recovery'and production are

scaled from this base figure.

establish

Drawing on'this baée, the following assumptions were used to

the recovery target:

Current emissions - 80 Bcf/year (217 MMcf/d)

Proportion of emissions estimated from Appalachian
Basin - 90% ‘

Rate of growth in mining:

-- doubling . of coal production by 1990

-- an equal (absolute) amount of increase by 2000

Ultimate recovery - equivalent to recovery over the
next 30 years

Proportion of mines with methane recovery facilities:

1980  10%
1985  30%
1990  50%
2000 50%

Methane recovery efficiency for mines with methane
capture facilities: | '

1980 30%
1985 50%
1990 50-75%
2000 50-75%



Using these assumptions, the yearly and cumulative rates are
as follows:

Rate Cumutlative

McTd (Bcf/Year) (Bcf)

1980 8 3 | 3
1985 50 | 18 50
1990 -~ 100-150 36-54 190-230
1995  123-186  45-68 390-530
2000  142-214 52-78 640-910
2008 148-222  54-81 1080-1560

\
“Thus, the thwrty year ultimate recovery target for the Appa1ach1an
Basin is 1 1-1.6 ch

In that there is currently little private sector activity in recover-
ing methane from m1n$b1e coal seams, 1tv15,]ike1y that publicly supported
research_and deve]opﬁentﬁprograms will be require to overcome the present
problems and 1imitat{ons A substantial research, demonstration and imple-
mentation program ofwmethane recovery from coal seams could add important
quantities of natura1 gas supplies in the Appalachian Basin area and accelerate
the implementation of the techno]ogy, clear the 1ega1 and gas ownersh1p issues,
and ga1n mine operatJrs acceptance and support.

1

: - ,
F. Sensitivity of the'ReCOvery Estimates to Key Variables
The Appalaqhian Basin coal seams are too thin.and too lean in
methane content to edonom1ca11y support methane recovery on its own. Since
estimates of recovery need to parallel closely the pace of m1n1ng and the




5-20

opening of new mines, there is little leeway in making production rate
and recovery estimates. However, the actual rate may vary due to the .

following:

The near term production rate and cumulative production
may be 20% (10 to 20 Bcf/year) higher than projected if
considerable drainage ahead of mining rather than with
mining is used.

The 30 year recovery (used as ultimate recovery for this
analysis) could be 20% (or 0.3 Tcf) higher if the rate

of growth in mining Ted to a redoubling of capacity between
1990 and the year 2000. (That is, coal production in the
year 2000 would be 4 times current rates rather than the
assumed 3 times current rates.) .

It may be possible to place methane recovery facilities
in additional mines, accounting for 75% of the methane
emission. Should this be done, ultimate recovery would
increase by 0.3 Tcf. ' |

Since the recovery of methane in association with mining
depends so greatly on the associated productivity and
safety benefits, base production estimates are relatively
insensitive to pricé changes. The major area of price
sensitivity centers on the methane recovery efficiency
of the captured total gas emissions. As price goes up,
coal gas with lTower methane concentration can be economi-
cally extracted. ’ '
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" III. METHANE FROM UNMINABLE‘COAL SEAMS

A. Resource Base |

1. Gas in Plate

In genera1§ coal seams are considered unminable because they are
too thin or too deep?to be mined economica]ly While volumetric data on
4/

unminable coal is skétchy, at best, recent studies— do permit gross esti-
mates of gas in p]ace:

° Approxihate]y 290 billion tons of coal are in seams
too thin (averaging 15 qinches) to be economically
mined. Th1s coal contains an estimated 260 cf/ton
of methane, or-a total of about 70 Tcf.

e An add1t1ona1 388 b11]1on tons of coal are too deep
(3,000- 6 000 feet) to be mined economically. About
45% of th1s coal is ranked as bituminous or higher;
the ba]bnce is subbituminous coals and lignite.

° Gas_content of bituminous (and higher) coals averages
480 cf/ton, accounting in total for 80 Tcf.

® (Gas content for subbituminbds coals is substantially
Tower thanﬁthat for b1tum1nous and higher rank coa1
Their high mo1sture content tend to ]1m1t their gas-
adsorption capac1ty Assum1ng a gas content of 100
(cf/ton,lone fifth that for bituminous coals, deep
~ subb1tum1nous coa]s wou]d contain about 20 ch
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In total, the 668 tons of unminable coal contains an estimated
170 Tcf of gas.* Economic recovery of this methane depen&s on five
geologic variables:**

e Adequate thickness of the coalbed

e Intensity of the nature fracture system

e Uniformity of the bed and seam

e Water content in the coalbed

e Gas content

Because of the controlling effect of the first of these variables --
thickness of the coalbed -- the analysis assumes the remaining four geologic
variables (i.e., fracture intensity, coal seam uniformity, water, and gas

content) are favorable. The analysis then establishes the minimum required
coalbed thickness as a function of costs and gas price.

2. Thin Coal Seams

The 70 Tcf of methane held in thin coal seams (averaging 15 inches
thick) cannot be produced economically for ‘their methane content under any
reasonab]e set of technological assumptions. At 260 cf/ton, an average well

* Previous estimates have used the same gas content for bituminous
and subbituminous. This appears to overestimate the gas in place
due to the higher moisture content of the lower grade coal. Using
the lower gas content for subbituminous coal would reduce the
initial estimate of 250 Tcf to 170 Tcf. ' '

** The methane content in unminable coalbeds must be classified as
speculative. Major uncertainties surround each of the essential
geologic variables. Finding where these five conditions may
converge favorably will require considerable basic study of
the unminable coal resource. \
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I
i
|

drainage area of 7? acres, the drainage area will contain only 40,000 Mcf
of methane.* Usin§ deviated wells costing $300,000 (2 wells drilled to
800 feet), operat1ng, compress1ng, separat1ng, and gathering costs of
$0.40 Mcf and normé] royalty and tax requirements, it is obvious that
thin coal seams 1a¢k the minimum required coalbed thickness.**

4

Because thin coa]beds are so far from economic viability, they
were eliminated frbm further analysis of methane potential.

3.

|
{
|

Deep Coaﬁ Seams

The deep

economic potential.

above analysis was
and BOM officia]s

five key geologica
from deep, unminab

; unminable but thick coalbeds pose a more attractive
Given the scarcity of published data, much of the

based on recent test data wfth state geological societies

Thus, only a Dre11m1nary appra1sa1 can be made of the

1 variables that govern the economwcs of producing methane

le coalbeds.

* The gas in plac
e GIP = (Draina

e The drainage

e The methane ¢
260 cf/ton

** The calculation
e Required gas
© Required thic

[Drainage are
recovery eff1

e can be ca]cu]ated from the following equation:

ge Area) x (Methane Content per Cubic Foot) x (Thickness)
area equals: Acres x 43,560 square feet

ontent per cubic foot equa1s

x 80 1b/cf x 2000 1b/ton = 10 cf (0.01 Mcf) per cubic foot

of the required thickness,ls-as follows:
production @ $1.75 Mcf to pay back costs = 300 MMcf:
kness to produce 300 MMcf in 10 years 300 MMcf <

a (in £t2 ) X gas. in place (per £t3 ) X 10 year
ciency] .
300 MMcf -

e Required h =

(3 x 106ft2) x (0.01 Mcf/ft3) x 30%




5-24

a. - Thickness

The distribution of coalbed thickness was based on data in
Colorado and the combined data in the three states of Colorado, New Mexico,
and Utah. Colorado has-about 70% of the bituminous coal and the three states
combined have about 90% of the bituminous coal in the Western Basins. In
Colorado and these three states, the distribution of thickness is estimated
as follows:

Coal Bed % of the Resources
Thickness-Feet Colorado Three Western States
0-15 52 61
15-50 : 36 33
>50 12 6

These data are plotted on a cumulative percentage curve of
total resource versus coalbed thickness to provide estimates of coalbed
thickness between the three points in the table (Exhibit 5-4).

b. Intensity of Natural Fractures

Unlike the Appalachian Basin that has undergone considerable
tectonic upheaval and where the subsurface is highly fractured, the tectonic
- history of the Western Basins is considered to have been less intense. Dis-
cussions with state geological officials and related studies of the Uinta
Basin indicate that low fracture intensity may pose severe geological barriers
for recovering methane from this deeper, unminable coal. Preliminary examina-
tion of the shallower geologic formations indicates that:



Exhibit 5-4

. \ N -
Estimated Distribution of Total Bituminou< Coal

Resources by Coalbed Thickness for Colorado and Three Western States

160 +
e -
=
/
, —
304 Three _ Colorado
Western States S :
g 60 -
=
2
3
*
40t
&
20 -
7
'I i 1 1 ] \ \
] T j f 1 | T
10 20 30 40 50 60 70

SOURCE: Booz,

Gasification Pr

Coalbed Thickness

Allen & Hamilton, ERDA's Underground Coal
ogram, Volume III - Resources, May, 1977.

G2-§




5-26

e Only limited ffacture systems are evident in
the coal, although they do exist in the sur-
rounding sandstone and shale.

e Hydraulically induced fractures tend to migrate
vertically to the surface rather than horizon-
tally through the formation.

e The coal is blocky, not friable, with a poorly
developed cledt structure.

Whether these conditions hold for the bulk of the deeper
bituminous coal will require further resource study.

c. Uniformity of Deposits

"Recent coal mining and methane recovery in the Uinta Basin
have identified numerous clay veins fhat would restrict flow. Also, the
depositional history of the basins and geologic horizon in which the deep
"coals are located has probably created non-uniform deposits, however,
further geologic definition is cleary required.

d. Water Content

High water content in the coalbed can cause major problems
for degasification. To produce gas most efficiently, the connate water
must be first removed from the coalbed. The general presence of water in
Western coalbeds (particularly in subbituminous coalbeds) may thus pose a
serious challenge to economically recovering methane from this resource
base.
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e. Gas’Cdntent

The'ges content of the bituminous and higher grade coals

-appears high, estimeted at 480 cf/ton. In turn, the gas content in sub-

bituminous coals and lignites is Tow and assumed at one-fifth that for
higher grades, due to their higher moisture content. However, even for

~ the higher rank coal, the deposit must have a natural caprock seal to have

prevented the eseape of the gas over geologic time. Thus, additional
research is required to ascertain the true gas content for the deep coals.

f. Assessment of the Resource Base

The ava11ab1e data on the deeply buried coals are 1nadequate
at present for def1n1t1ve assessment of these depos1ts and thus this
resource is c]ass1f1ed as speculative. Considerable resource analysis
and testing are requ1red before one can begin to make judicious longer
term decisions for recoverlng methane from th1s resource base.

B. Applicable Recovery Technology

For eff1c1ent recovery, a we]]bore will need to communicate with
the full natural,frpcture system in the drainage area. Since for all prac-

. tical purposes coa]ﬁis impermeable, the methane must travel through the frac-

ture system or desorbtthrough the structure of the coal in response to a
pressure gradient. Three techniques are available for achieving this com-
munication for the,deep, unminable coals:

[ Vert1ca1 wel]bores with stimulated fractures

9 Large boreholes with hor1zonta1 we]]s

] DeViaged wells
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_ Using vertical wellbores with stimulated fractures, under cur-
rent fracture technology, does not appear to be a technically viable
option at this time. The induced fracture will tend to para]ie] the
existing natural fractures and face cleats rather than intersect them,
providing only limited connection with the dominant natural fracture system.
Additional research may be required to confirm this hypothesis.

Deviated wells, though costly, appear to provide the most techni-
cally feasible means for exploiting the deeply buried, unminable coal. How-
ever, drilling and controlling deviated wells in coal seams is not a proven
technology, particularly since the drilled well will need to intersect the
face cleats of the natural fracture system. Although the oil and gas industry
has used deviated wells for some time, transferring that technology to the
“methane from coal" program will require considerable adaptatibn in directional
drilling and well completion technology, and economic optimization.

C. Key Economic Issues in Recovery

Only limited information is available on the key geological vari-
ables that govern recovery and economics of recovering methane from deep,
unminable coal seams. Thus, while the analysis in this study served as a
first approximation, it is possible to place a range on the economic potential.
Assuming that the thickness of the coal seam is the controlling variable and
that all other geological features are favorable, economic feasibility will
depend on finding coal deposits having sufficient thickness.
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Using deviatéd'well costs of $600,000 (2 wells drilled to 4,000
feet, then 1,000 feetvfnto the coalbed) and all other costs as noted above, .
the minimum 10 year prdduction'to yfe1d a 10 year payback can be calculated
as a function of priceé* This, in turn, can be converted into minimum
required coalbed thickﬁess. This adé]ysis assumes that deviated wells are
used to connect the natura] fracture system. Should vertical boreholes
with hydraulic stimilation obtain the same recovery efficiency, the minimum
required coal seam thickness (or the gas content) could be reduced substan-
tially. i '

Under the above costs, a diffusion constant of K = 5x10'8 cm2/sec,
and assuming a major, natural fracture every 1 foot, one can define the
minimum required produﬁtion (in 10 years) and, in turn, the minimum coalbed

thickness.
o S Minimum
Price/Mcf Production (Mcf) Thickness (feet)
$1.75 600,000 34
$3.00 j 300,000 : 17
$4.50 § 188,000 S 1M

* Required Production = [(Ten Year Production) x (1-royalty and severance
Taxes) x Gas Price)];- [(Operating Costs x Ten Year Production] > Investment

Actual Production = Drainage Area x Coal.Bed Thickness x Methane Content x
Recovery Efficiency (for t = 10 years)

e Effective drainage area where the pressure is sufficiently Tow to
induce effective desorption is assumed at 72 acres

e Methane content is assumed at 480 cubic feet per ton or 0.019
Mcf per cubic foot

e Recovery is calculated from using the recovery efficiency
function on Exhibit 5-5; for time equals 10 years (in seconds)
recovery efficiency is 30% 1 : .

e Required production is set equal to actual production and the .

equation is solved for coalbed thickness ,
(Addtional detail is provided in Volume III of this report)
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Exhibit 5-5

Relationship of Recovery Efficiency Versus Time
(From Fraction of Heat Loss From A Slab With A
Surface Temperature Kept at T= 0O, As A Function of Kt/L?)

1.0+

Recovery Efficiency (Fraction of Loss)

Normalized Time (Kt/L2)

SOURCE: Derived from Carslaw and Jaegger - Conduction of Heat in Solids, Oxford, ZnS'J
Edition, 1959, Chap. ITI. PP. 92-102. Equivalent substitute units for
any diffusion phenomenon, viz., fraction of adsorbed material lost.
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The above analyses, however, make several re]at1ve1y optimistic
assumpt1ons on three Var1ab1es ‘that effect economic recovery, namely:

e Methane qutent -~ assumes 480 cf/ton (bituminous
and higher grades).

° Natura\‘fracture system -- assumes the fracture system
to be exﬁensive enough to provid® 30% recovery in 10
years; er this the fractures will need to occur one
foot apart and extend uninterrupted through the drain-
age»area{of the well.

-8

° Diffusioﬁ constant -- assumes K of 5x10 cmz/sec.

The sen51t1v1ty of these assumpt1ons on est1mates of the total
potent1a] is exam1ned in the next séction.

D. Potential Production from the Western Unminable Coal Seams

1. Recovery Esfimates

The production potent1a1 may be est1mated by comb1n1ng the distri-
bution of minimum requ1red economic thxckness* with the distribution of
thickness of the resoyrce. Read1ng from the Colorado curve in Exhibit 5-4,
the following distrib@tion can be approximated: ‘

| ) : o
| Minimum . Percentage

Price/MC* i Thickness (feet) of Resource
$1.75 . 3 2%
$3.00 17 ' 44%

$4.50 nm : 60%

i
[

* The calculation of the required thickness is as follows: ‘
® Required gas production @ $1.75 Mcf to pay back costs = 300 MMcf
@ Required thickness to produce 300 MMcf in 10 years = 300 MMcf +
[Drainage area (1h ft2) x gas in place (per ft3) x 10 year recovery
efficiency]

e Required h = ___ 300 MMcf
’ (3 x 108ft2) x (0.01 Mcf/ft3) x 30%
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Assuming 30-year recovery efficiency R?30) of 51%, 480 cf of
methane per ton of coal, and 170 billion tons of bituminous and higher
grades of coal, the distribution of economic thicknesses can be converted
to estimates of potential recovery at three prices, rounded to the nearest
significant figure. (Because the resource base is considered speculative,
the estimates of potential recovery are expressed as ranges.)

o
Recoverable
Price Methane
$1.75 0-10 Tcf
$3.00 0-20 Tcf
$4.50 0-25 Tcf

Given the specuiative nature of the resource base, no estimates
can yet be made of yearly production rates for recovering methane from the
deep, unminable coals.

2. Sensitivity of the Recovery Estimates to Key Variables

The above recovery estimates have been based on a series of gene-
rally optimistic assumptions on key variables. It is instructive to deter-
mine how sensitive these estimates are to reasonable bounds of variation,
particularly on:

e Intensity of the fracture system

o The diffusion constant

e A higher risk premium investment criterion
“\

* Derived by solving the Kt/L2 equation for t = 30 years
(in seconds) on Figure 5-5. .




5-33

e Use of vertical hydraulically stimulated wells
° Effecti?e drainage area
° Contrib@tion of fracture porosity gas

° Methaneicontent in subbituminous coals

The results of this sensitivity analysis is shown below.

a. ntensfty of the Fracture System

Should the fractures be less intense, 5 feet rather than 1
foot apart, the recovery potential drops to essentially zero. Assuming that
the coa]bed is less intensely naturally fractured, one fracture every 5 feet
rather than 1 every ] foot, the 10 year recovery percentage drops to about 2%
and the mihimum required coal seam thickness at $3.00/Mcf- is over 200 feet.

b; vDiffusjon Constant

Shou]dfthe diffusion constant be Tower than assumed, for example,

1 x 1078 cmz/sec., fﬁe potential from the Western Basins drops to about 1 Tcf.
Introducing this lower diffusion constant. and keeping all other variables the
same, the 10 year recovery eff1c1ency R(]O) becomes about 8% and the required
coal seam thickness at $3. OO/Mcf is over 60 feet. Since only about 6% of the
resource is over 60 feet thick, 'the_potent1a1 30 year recovery drops to less
than 1 Tcf, as cbmpared to about 20 Tcf under the assumed higher diffusion

constant.

c. - Risk Premium
'~ Should a’higher risk premium investment criterion, 20% ROR,*

be 1mposed ‘the potential from the Western Basins drops to 12 Tcf. " Using
a 5 year payback (as a proxy for a 20% ROR), and assuming all other parameters

-* In financia] terms, a 20% ROR under 6% inflation is equivalent
to a real value of 26%; similarly, a 10%-ROR is equivalent to

16%.
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Vstay the same except that t = 5 years; then Kt/L2 = 0.035 and 5 year reco-
very efficiency R(5) becomes 19%. Required coal seam thickness at $3.00/
Mcf becomes 26 feet. Since about 30% of the resource is over 26 feet thick,
the potential at $3.00/Mcf drops to about 12 Tcf (as compared to about 20
Tcf under the conventional 10% ROR investment criterion).

d. Vertical Wells With Artifical Fracturing

If vertically drilled and fractured wells were substituted
for the deviated We]]s, the potential could either increase to 30 Tcf or
decrease to 1 Tcf. Assuming that a single vertically drilled and hydrauli-
cally stimulated well (costing $300,000) could have the same production as
the two deviated wells, the minimum required thickness would drop to 8 feet
and the recovery potential at $3.00 per Mcf would increase to about 30 Tcf.
However, it is likely that the induced fracture would parallel rather than
intersect the face cleats. Under this condition, 10 year recovery would drop
to 6% (about 1/5 of that assumed in the Base Case), and even under these lower
costs, the potential at $3.00/Mcf would decrease to about 1 Tcf.

e. Effective Drainage Area

It may be possible to increase the effective drainage area --
the area where the coalbed pressure is sufficiently low in the first 10
years -- to allow highly efficient desorption. One means for doing this .
would be to drill, where geologically feasible, the deviated wells further
into the coalbed. :

Assuming three deviated wells can be effectively drilled
2,000 feet into the coalbed, the drainage area increases fourfold to
288 acres, and ten year recovery increases threefold. Adjusting for
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higher investment costs (essentially double those in the Base Case), the
analysis shows that the potential at $3.00/Mcf could increase by 5 Tcf.

f£. Contribution of Fracture Porosity Gas

‘ The analysis assumes that the methane is adsorbed within the
coal and the fractur@s are essentially filled with water. Should the frac-
tures (assumed at75%§porosity) be fully filled with methane, the contribu-
tion to ultimate recbvery is small, less than 5%.

g. Subbithminbus.cbals_r_

ASSumihg pay thickness and fracture intensity of the sub--
bituminous coals in'&hé sand, the subbituminous coals with a methane con-
tent of 100 cf/ton»cbu]d add about 1 Tcf to the above estimates in the
$3.00 to $4.50 per Mcf price range.
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IV. SUMMARY OF THE R&D PROGRAM AND ITS POTENTIAL

This final section of Part 1, Methane Recovery from Coal Seams,
summarizes the major R&D goals, the production benefits, the costs, and

the cost-effectiveness ratios of a successful program. Part 2 of this
chaoter provides the details of the proposed R&D programs.

A. The Research and Development Goals

The geological and technological challenges for recovery of
methane from coal seams form the R&D goals of the program.

1. Methane from Minable Coal Seams - Appalachian Basin

e To ascertain the optimum means for collecting the
gas released during coal mining operations.

e To establish that methane captured in association
with coal mining can provide a reliable economic
supply for:

-- transmission into natural gas pipelines, or
-- supplemental LNG, or
-- other end uses.

e To test and stimulate the installation of methane
capture and utilization facilities such that 25 to
38% of the methane released as part of mining opera-
tions is captured for use:



5-37

- one{half of all mines would contain methane
recavery facilities

-- the}recovery efficiency of the methane at a
target mine reaches 50-75% of total emissions.

e To accumulate additional geological and technical
insights into the nature and occurrence of methane
in coal seams and in situ diffusion coefficients.

2. Methane fﬁom Unminable Coal Seams - Western‘Basins

e To ide&tify the geologic characteristics of the

thick éoa] seam basins, particu1ar1y'the extent

. of thefin situ natural fracture system and the
methané content.

' To develop and successfully apply deviated drilling
technofogy to coalbeds.

e To ascertain the economic feésibi]ity of pre-drainage,
given the geology of the Western coal basins and the
;,efficiency and costs of applying the recovery tech-
ho]ogy. |

B. Production Benefits

The production benefits, stated in terms of ultimate recovery
(recovery in 30 yeans), 1990 cumulative recovery, and 1990 production rate,
are as follows: ' ‘
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- Price Per Mcf
$1.75 $3.00 '$4.50

e Ultimate Recovery (Tcf)
- Appalachian Basin 1.1 1.6 1.6
- Western Basins 0-10 0-20 0-25

e 1990 Cumulative

Production (Tcf)
: - Appalachian Basin 0.19 0.23 0.23
% - Western Basins * * *

e 1990 Production Rate (Tcf)
- Appalachian Basin 0.04 0.05 0.05
- Western Basins * * *

| *Not estimated

C. R&D Costs

The research program costs for the two programs in methane recovery
from coal are as follows:

5 Year Program Costs
(in millions)

Total ERDA
Appalachian Basin $16.5 o $16.5
Western Basins 29.1 ' 24.1
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D. Cost-Effectiveness of the Program

1

Two‘cost-éffectiVeness ratios serve to illuminate the potential
benefits of the R&D program: '

e lLong Term Measure -

e . Near Term Measure -

Ultimate Recovery (Mcf) .
@ $3.00 Mcf/Total ERDA Costs

1990 Cumulative Recover& (Mcf)
@ $3.00 Mcf/Total ERDA Costs

The cost-effectiveness ratios for methane recovery from coal

are:

-Long Term Measure Near Term Measure
‘Mcf/Total ERDA Costs Mcf/Total ERDA Costs
Appalachian Basin 9% 7 14
Western Qasins 0-830 -
E.  Summary

These sen
coal seams can be a
~ pace of mining, the
~methane adsorbed in

“less is known of the methane content or the extent of the natural fractures

" system.

sitivity analysis show that the methane from minable
_steady source of natural gas and will increase as the
 efficiency of collection, and prices increase. The
deep coal seams is a more speculative resource in that

~r
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RESEARCH AND’DEVELOPMENT STRATEGY FOR METHANE FROM COAL SEAMS

The researbh and,deve]opment program for methane from coal seams
is organized into two programs:

o Program 1 - Methane from Coal/Appalachian Basins:
Recover Methane in Association With Mining

e Program 2 - Methane from Coal/Western Basins:
Recover Methane from Unminable Coal
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Program 1

TARGET: Methane from Coal/Appalachian Basin

R&D STRATEGY: Recover Methane in Association With Mining

1. Central Problem

Methane, to varying extent, is contained in all coal accumula-
tions. The methane must be locked on and in the coal since the porosity
of the coal is inadequate to account for its presence (200 cf of methane
per ton of coal would require a pore space of 26% at a pressure of 500
psi).

In Appalachia, the coalbeds average 5 feet; hence, a 72 acre
"reservoir" would contain but 130 MMcf, and recovery during the first
ten years would be about 30% of this amount. Standing alone, production in
advance of mining (and having no significant residual benefits to subse-
quent mining) from such reservoirs is generally uneconomic, particularly
in light of the considerable surface equipment and gathering systems costs.

The principal targets for recovering methane from coalbeds are
the active mines in which it has been established that methane is released
in significant quantities as mining proceeds.
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The econom1cs of pursuing this activity will be dependent on
benef1ts derived from11ncreas1ng the rate of mining permitted and improv-
ing safety due to diminution of gas in mines. Any captured gas can be
used for local industry and household use. The erratic nature of the
delivery in the early years suggests specialized use as LNG or local use
for direct combustioniand power generation may be feasible. In the longer
term it may be possible to use the methane as a regional industry feedstock,
such as for ammonia production.

2. Séope of the Effoét

The recoverj of methane in association with mining would concen-
trate on the high metﬁane emission mines of the Appalachian Region that
account for nearly 90% of total national methane em1ss1ons The initial
target would be the 30 largest methane emission mines ‘concentrated heavily
in the Pittsburgh, Pocahontas No. 3, Pratt, and Kittanning coalbeds that
account for over,onéfﬁalf of total emissions.

3. R&D_Goa1s

The problems discussed above set the basis for the R&D goals for
recovering methane'frém coal seams in the Appalachian Basins:

e To verify that methane can be economically
- recovered from coal in association with the
mining cycle. ’
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To ascertain the optimum way for collecting the released gas
as mining progresses in Appalachia and Alabama. Appalachian
mines should be the prime target because of: (a) the size
and concentration of mining, (b) the gasiness of the mines,
and (c) the potential for a ready market not now served by
utility Tines.

To accumulate additional technological insight into the
nature of the occurrence and release of methane in coal
seams.

To develop alternative end-uses and the associated markets
for the recovered methane.

R&D Activities

Task 1 - Complete a comprehensive digest and interpretation
of all past and ongoing activities on coal degasification
and methane recovery, particularly to document the extent
of the natural fracture system, gas content, and continuity
of the coal seams in the Abpa]achian Basin, including engag-
ing in basic geological studies where the data is scarce.

Task 2 - Conduct a definitive engineering study of schemes
for recovering methane from active coal mines in Appalachia
using: '

-- horizontal wellbores drilled from the base of
the mine

C
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-- vertical wells with Tongwall mining.
-- recovery tests in shut-in mines

-- vertical wells with stimulation and deviated wells

to produce the gas, drain the water, and reduce
the pressure..

Task 3 - As%eés the economic feasibility of each approach,
including wdrking with BOM to ascertain the relative
contributiod each approach makes to productivity, reduced
venti]ationiequipment,,and safety.

Task 4 - Puﬁsue studies on in situ methane source and
quantity and geometry of potential flow paths by multi-
discipline research teams in the laboratory and on-site.

Task 5 - Establish the most efficient methane drainage
and recovery technique for each geologic setting/mining
technique combination.

Task 6 - Develop and test small scale, site specific
technology for producing LNG from recdveredrgas with
low (less than 80%) methane content.

Task 7 - Assist:operators install appropriate methane

recovéry'fa§i1ities,by providing direct professional
assistance and technology transfer.

!
|
|
|
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e Task 8 - Evaluate alternative end-uses for recovered
methane in relation to location, facilities, supply
of gas, and potential demand.

5. Manpower and Field Test Requirements

v The levels of manpower and the numbers of methane recovery and
utilization tests to carry out the above research, development, and demon-
stration activities are provided on Exhibit 1.

The decreasing manpower requirements are based on the considerable
base of knowledge that has already been accumulated and that needs to be
expanded in key areas.

The number of tests is based on the need to introduce methane
recovery technology into the 30 largest methane emission mines that account
for about 50% of all emissions.

Five alternative end-use technology demonstrations would be
conducted, one per year.



Program 1

EXHIBIT 1
TOTAL PROJECT/MANPOWER REQUIREMENTS

) : TARGET: Methane from Coal/
Appialachian Basins

R&D_ACTIVITIES (Physical Units)

Strategy Elenents | RN TR N TR S R N 1)
1. Resource Characterization and Appraisal (man-years) ' ‘
,,,.,,pgcumenc and,Studiy.,Geology N . e {2) 2 2 0 | ‘1 6 e A8y
e (onduct Engineering Studies ' | m 2 1 1 1 1 6 (7)
® (Conduct Economic Studies . . }(1) 1 : 1 1 1 1 5 (6)
e Conduct Basic Studies of Methéne Occurrence .and Flow (1) . 1 1 : 1 ' | ‘ 3 . (1)
2. Improved Diagnostic Tools and Methods (man-years) . :
e lab Studies . \' (2) 3 ; 3 2. 1 1 10 (12)
3. Field-Based Research, DeveTopmént, and Demonstration (tests)
e Recovery Tests . ‘ ‘ (6) 6 6 6 6 6 30 (36)
e End Use Technology ’ 1 1 ‘ 1 C 1 ) 5 (5)

4. Technology Information Transfer (man-years) _ 2 2 2 > 2 ’ 0 (10)

Ly-§
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6. R&D Costs

Exhibit 2 provides the cost of the R&D program using the follow-
ing assumptions: ‘

e One fully supported professional man-year costs $100,000.

e The cost of conducting one methane recovery andAutiliza-
tion test is $250,000.

e The cost of conducting one end use technology demonstration
is $1,000,000.

To ensure timely installation of methane recovery facilities, ERDA
would pay the full costs of the demonstration program.



R3D ACTIVITIES (Thousands of 1977 Dollars)

Strategy Element;

EXHIBIT 2
TOTAL PROGRAM AND ERDA COSTS

Program 1

TARGET: Methane From Coal/
Appalachian Basins

e Recovery Tests

e End Use Technology

: 5-Year - (Strategy
(FY_78) FY 79 FY 80 FY 81 FY 82 fY 83 -Total Total)
1. Resource Characterization and Appraisal (500) 1600 500 800 - 300 <200 2,000 (2,500)
2. Improved Diagnostic Tools and Methods (200) 300 300 200 100 100 1,000 ‘ (1,200)
3. Field-Based Research, Development, and Demonstration L |
(1,500) 1,500 1.500 1,500 1,500 1,500 7,500 - (9,000) o
: ‘ . . ‘ IS
1,000 - 1,000 1,000 1,000 1,000 5,000 - (5,000) w0
4. Technology Information Transfer (200) 200 200 200 200.. 200 ~‘1.0b0 , (1,200)
TOTAL ERDA COST {2,400) 3,600 3,500 3,300 3,100 3,000 16,500 (18,900)
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7. Production Benefits

The anticipated benefits from a successful completion of the
research and development program in recovering methane from Appalachian
Coal Basins are estimated (at $3.00/Mcf) as: k

~ After Success- AN
Base Case ful R&D Due to R&D
(Tcf) (Tcf)
e Ultimate Recovery - 1.6 1.6 |
e Production Rate in:
1985 - 0.02 0.02
1990 - 0.05 0.05
1995 - 0.07 0.07
2000 - 0.08 0.08
e Cumulative Production by:
1985 - 0.05 0.05
1990 - 0.23 0.23
1995 . - 0.53 0.53
2000 - 0.91 0.91
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8. Benefits and Costs

The key cost-effectiveness measures (incremental production per
“dollar of ERDA cost) for methane recovery from the Appalachian Coal Basin

(at $3.00/Mcf) are:

Cost-Effectiveness Measures

‘e Long Term Measure: a :
«.-Ultimate Recovery/ERDA 5-Year Costs

e Near Term Measure:

1990 Cumulative Production/ERDA 5-Year: Costs

Value

(Mcf/%)

95 -

14
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Program 2

TARGET: Methane from Coal/Western Basins
R&D STRATEGY: - Recover Methane from Unminable Coal

1. Central Problem

" The major focus of methane recovery from the Western Basins is
the unminable coal. Here, the economics of recovery will need to stand on
their own, with no credits accruing from improved mining pfoductivity or
safety, as might be the case for methane recovery programs conducted in
association with mining. o ’

Two types of unminable coal deposits have been identified as tar-
gets for the methane recovery program -- the thin coal seams (averaging 15
inches) that contain 70 Tcf of adsorbed methane, and the deep bituminous coal
seams (between 3,000 to 6,000 feet) that contain 80 Tcf in place.*

As shown in Part 1, thin coal beds could not be economically pro-
duced for their methane content under the cost and price assumptions and
within the present scope of the study.

As one goes deeper in seérch for the deep, unminable coals, costs
increase even though methane content may also increase. Assuming that a
similarly favorable natural fracture system has been created, and has not
healed due to overburden stress, one would need coal seams on the order of
20 feet thick (at $3.00 per Mcf gas price) to provide an economic payback.
(Coal seam thickness could be less if vertical wells could be successfully
used. )

* The deep, unminable subbituminous coals, assuming a methane
content of 100 cf/ton, would contain 20 Tcf in place.
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.Assuming sufficiently favorable geology, the challenge will
be to intersect the natural fracture system (face cleats) and to provide
a high-conductivity path to the wellbore. At-this time, deviated wells,
drilled 1000 feet into the pay, provide the most technically feasible
means of intersecting the natural fracture system. Conventionally applied
hydrau11ca11y-1nduced fractures would tend to parallel the ex1st1ng fracture
‘system rather than 1ntersect them as requ1red for opt1mum flow.

The f1na1 task will be to 1nsta]1 highly eff1c1ent recovery systems
that will: (a) ma1nta1n a very low pressure at the face of the coal exposed
to the fracture system to stimulate desorpt1on, (b) ensure eff1c1ent water
removal from the we]]bore, and (c) purify and repressure the methane at low
cost.

2. Scope of the Effort

' The recovery of methane from unm1nab1e coal wou]d concentrate on
the four western states of Colorado, New Mexico, Utah, and Wyomlng, that
collectively account for over 90% of the deep (over 3,000 feet of overburden)
coal. Colorado, hav1ng by far. the largest portion (about 70%) of ‘the bitu-
minous deep coal, w0u1d be the maJor target. Within Colorado, the San Juan,
~ Uinta, and North Park Basins appear to offer sufficient favorable character1s-
tics for initial re$ource evaluation.

| B

o
]
{

- 3. R&D Goa]s

_ The R&D gOa]s for recover1ng methane from coa] in the Western
Basins are: - . - o ‘
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e Provide a definitive assessment of the-size and economic
feasibility of the ultimate target, in particular specify-
ing what percentage of the domestic deeply buried coal is
sufficiently thick for economic recovery.

[ Define the extent of the natural fracture system and its
in situ conductivity, including the location and influence
of any clay veins and discontinuities in the coal seam.

. Establish the methane content of the coal and the desorp-
tion rates for these deeply buried coalbeds.

e Prepare a definitive feasibility assessment ef the size
and economic potential of the ultimate target.

e Ascertain the optimum means for intersecting the natural
fracture system (face cleats) and connecting it to a verti-
cal wellbore.

e Improve the technical efficiency of placing deviated wells
into the coal seams and at right angles to the face cleats.

4. R&D Activities

The R&D activities required to reach the above goals include:

o Task 1 - Obtain a series of cores from a few selected loca-
tions deemed most favorable for the occurrence of rich
methane containing coal. If required, carry out needed
geological studies to define such locations. Use core
holes for characterization of in situ resources. Determine
all parameters pertinent to estimating methane recovery
feasibility.
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Task 2 - Conduct resource chatacté%izationlstudies of the
‘ thickness;vcontinuity, and methane content of the deep,

. Western coalbeds in the vicinity of the foregoing selected
coreholes.

» Task. 3 - Qonstruct reliable recovery and economic models
- to study the effects of variations in key reservoir para-
meters. | :

-Task 4 - Assuming sufficiently favorable locations are
defined, confirm the hypothesis of the relative efficiencies
of using deviated wells versus vertical wells with fracturing
"by conduct1ng a series of tests in the same geo]og1c setting.

Task 5 - Develop 1mproved means for d1rect1ng and controlling
deviated we]ls to ensure the horizontal hole stays in the
seam and intersects, at right angles, the face cleat system
in the cool seam.

‘Task 6 - $hou1d vertical wells with fracturing prove success-
ful, develop improved, fracturing techniques for stimulating
production rates from coal seams.

Task 7 - ¢ohduct a basic research study to determine the
in situ diffusion constants in the deep coals.

Task 8 - Conduct a thorough definitive study of the economic
potential 'of producing methane from deep, unm1nab1e Western
coa]beds.;

Task 9 - Transfer the techno]ogy and assessment of the poten-
tial to the 1ndustry
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5. Manpower and Field Test Requirements

The Tevels of manpower and the numbers of resource definition
cores and recovery tests to carry out the above research, development, and
demonstration activities are provided on Exhibit 1. '

The large resource characterization manpower requirements are
based on the sketchy base of knowledge that now exists in the Western
Basins and that needs to be expanded in key areas.

The number of cores is based on the need to take 20 cores inv
Colorado and 5 each in the other four major Western coal producing states.

The number of te§ts is based on the need to conduct 6 tests in
Colorado and one each in the other four major Western coal producing states.



Program 2

EXHIBIT 1 .
TOTAL_PROJECT/MANPOWER REQUIREMENTS

TARGET: Methane from Coal/Western Basins

R&D ACTIVITIES (Physical Units)

‘ : : . o 5-YEAR - (STRATEGY
—Strateqgy-Elements : (FY 78) FY 79 FY 80 _FY 8 FY 82 FY 83 . TOTAL __TOTAL)
1. Resource Characterization and Appraisal (man-years) ‘ '
e Document and Study Geology 3) 3 3 .3 3 3 15 ©(18)
e Conduct Engineering Studies M 1 LI 1 T 1 -5 (8
e Conduct Economic Studies ‘ )] 1 L i B 5 { 6)
o Conduct Basic Studies of Methane, S ‘
Occurrence and Flow (2) 2 2 .z 2 ? 10 (12)
; 5 ) . . .
[
- S
2. Improved Diagnostic Tools and Methods (man-years) ‘ '.
e Lab Studies 1 2 3 2 .2 10 ()
3. Field-Based Research, Deve1dpment and
Demonstration {cores/tests) . »
® Cores ‘ 8 8 8 8 8 40 2 (40)
¢ Tests ' 2 . 2 2 4 10 - 10)

4. Technology Information Transfer (man-years) \ 2 S 2 ‘ 2 .6 ’ (6)
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6. R&D Costs

Exhibit 2 (Total Program Costs) provides the total cost of the
R&D program using the following assumptions:

e One fully supported profesSiona] man-year costs
$100,000.

e The cost of taking one core is $100,000.

e The cost of conducting one technology demonstration
test 1is. $2,000,000.

To ensure timely implementation of the program, ERDA would pay the
full costs of the professional manpower and coring program and 75% of the
cost of conducting the technology demonstration tests. ERDA costs are shown
in Exhibit 3.
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TOTAL PROGRAM COSTS

Program 2

TARGET: Methane from Coal/Western Basins

Strétegy Elements

1. Resource Characterization and Appraisal
2.

3.

© 4.

oy

R&D ACTIVITIES (Thousands of 1977 Dollars)

Improved Diagnostic Tools and Methods

Field-Based Research, Development and

Demonstration -
e Cores
o Tests

Technoiogy Information Transfer

TOTAL COSTS

5-YEAR (STRATEGY
(FY 78) FY 79 FY 80 FY 81 FY 82 FY 83 TOTAL TOTAL)
(700) 700 700 700 700 700 3,500 (4,200)
[$2]
1
(8]
O
100 200 300 200 200 1,000 (1,000)
800 800 800 800 800 4,000 (4,000)
4,000 4,000 4,000 8,000 20,000 (20,000)
200 200 200 600 ( 600)
(700) 1,600 5,700 6,000 5,900 9,900 29,100 (29,800)




R&D ACTIVITIES (Thousands of 1977 Dollars)

Strategy Elements

1. Resource Characterization and Appraisal

o

2. Improved Diagnostic Tools and Methods

3. Field-Based Research, Development and
Demonstration

e (ores
e Tests

4. Technology Information Transfer

TOTAL ERDA COST

Program 2

EXHIBIT 3
TOTAL SHARE OF ERDA PROGRAM COSTS

TARGET: Methane from Coal/Western Basins
5-YEAR (STRATEGY

(FY _78) FY 79 FY 80 FY 81 FY 82 FY 83 TOTAL TOTAL)
(700) 700 700 700 700 700 3,500 ( 4,200)
100 200 300 200 200 1,000 ( 1,000)
800 800 800 800 800 4,000 { 4,000)
3,000 3,000 3,000 6,000 15,000 (15,000)
200 200 200 600 ( 600)

(700) 1,600 4,700 5,000 4,900 7,900 24,100

(24,800)

09-9
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7. Production Benefifs

"The ahticipdted*benefits'from'alsuccessful'completion'of research
and development in'meﬁhane‘reCOVery‘from Western Coal Basins are estimated
(at $3.00/Mcf) as: ' R '

... .- .After Success-
Base Case ful R&D Due to R&D

| (Tcf) ~ (Tcf)
o Ultimate $ecovery - : 0-.20 . 0 - 20
e Production Rate in:
| 1985, - - Not Available  Not Available
1990 o .
1995
2000 -

e Cumulative Production by:
1985 - Not Available Not Available
1990
1995
2000
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8. Benefits and Costs

The cost-effectiveness measures (incremental production per
dollar of ERDA cost) for methane recovery from Western Coal Basins
(at $3.00/Mcf) are:

Cost-Effectiveness Measures Value

(Mcf/%)

® Long Term Measure: '
Ultimate Recovery/ERDA 5-Year Costs 0 - 830

e Short Term Measure: :
1990 Cumulative Production/ERDA 5-Year Costs N/A



=

CHAPTER SIX

ETHANE FROM GEOPRESSURED AQUIFERS

Part 1




I. INTRODUCTION .

A. Background

Water- bearing reservoirs, character1zed by s1gn1f1cant1y higher
temperatures and pressures than their depth a]one would suggest have been
1dent1f1ed beneath the Gulf. of Mexico and the coastal regions of Texas.
These are referred to as geopressured aqu1fers In many of these aqulfers
the water may conta1n d1sso]ved methane Shou]d it be possible to produce
~ the format1on water, ‘extract the methane, and dlspose of the spent water
in an econom1ca11y and environmentally sound way, these reservo1rs could
make substantial contr1but1on to the nation's gas supply. '

Although the geopressured aquifers have been known to exist for -
some time -~ having caused d1ff1cu1t1es in dr1111ng for deep oil and gas
reserv01rs -- 1nterest in their commercial potentla] has been relatively
erecent The initial est1mates of gas- in-place have been vast, ranging from
3,000 Tef (B. R. Hise!/) to 50,000 Tcf (P. H. Jones?). The USGS, in Circular
726, placed the est1mate at 23,618 Tcf. 3/ These 1arge gas-in-place figures
have led to cons1derab1e public interest and discussion. Popular publica-
tions such as Fortune~ 4/ and the Wall Street Journal and publicly known
individuals such as Herman Kahn (Hudson Institute)é/ have speculated that .
geopressured aquifers can provide gas for 1,000 years.: More intensive -
interpretation of these initial estimates have p]aced the recoverable
potent1a1 at 250 to 500 Tcf. 8/

A var1ety of geolog1ca1 assumpt1ons 1ead to the conclusion that '
the resource in p]ace is 1arge The essential- quest1on, however, is .not
the total size of the resource, but the port1on that may be techn1ca11y
and econom1ca11y recoverable
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The results of recent work suggest that, even at prices up to
$4.50/Mcf, the technically and economically recoverable methane may be
a small fraction of the initial estimates.

Further, geologic and reservoir stud1es are requ1red before the
full potent1a1 of this resource base can be conf1dent1y assessed. It is
poss1b1e, however, to establish the minimum geo]og1c conditions that must
be found for economic recovery of methane from these aqu1fers In addition,
the currently Timited resource data base can be measured by these standards
to illuminate thekeconomicipdtential. The essential but mfssing data would
provide focus to a research program aimed at ascertainfng the total potential.

B. Nature of the Problem

The basic technology for recovering methane from the geopressured.
aquifers consists of drilling one or more production wells capable of pro-
ducing vast quantities of gas-bearing water, installing facilities to capture
the methane that comes out of solution at atmospheric conditions, and dispos-
ing the water once it has given up its gas. | '

With improved extraction facilities, it is believed that up to 85%
of the gas in solution can be recovered from the produced water. However,
only about 2 to 5 percent of the reservoir's water* can be produced in 30
years or before exhausting the reservoir's drive mechanism.** Thus, even

* The modeling of defined Texas Gulf Coast geopressured aquifers
gives recover1es of about 2-3%. The 5% recovery efficiency
assumes: (1) a compression drive coefficient of about 11 x
10-6 psi-1; (2) high permeability (100 md); (3) thick pay
(500 feet), and (4) high pressure (14,000 psi).

** Artifically 1ifting methane-bearing water from the substant1a1
depths of geopressured aquifers was considered to be beyond
conceivable economic limits.



under optimistic éssu
extraction efficiency
place is technically

mptlons on reserv01r propert1es and high methane

less than five percent of the gas resource in
recoverable, as shown in Exhibit 6-1 for three

Texas and Louisiana Gulf Coast reservoirs.

even this

- drawn down,

5'subsurface
content or

Disposing t

Moreover, ¢
quantity is

Overcoming
that might
conso]fdate
problems of

the portion

Developing
For optimum
concentrati
operation w
dissolved i

ertain technological problems must befsolved before

recoverable, including:

any well completion or production problems
impede high rates of production. The poorly
d nature of therreservoir sands may pose
sand control and may, as the pressure is
significantly reduce the permeability in

s of the formation nearest the wellbore.

high efficiéncy.methane extraction facilities.
economics,'particularly for the lower methane

on brines, the goal of methane extraction

ould be to recover 85% or more of the methane
n the water. ‘

he prbdﬁcéd:bfiﬁé iﬁiéh thi;éﬁméﬁféiiywééfé' -

manner. The briné will need to be injected into the

tion to mai
subsidence.

because of- the sa11n1ty and residual methane .
reinjected into the original producing forma-
ntain the production rate and counteract
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Exhibit 6-1

Analysis of Technical Recovery Efficiency

600 L. 6C0 BCF

VSSOd_
5C0 L
450 L
400 &
3501
3004
25048
200 L
150 L
100 %

50 & 15 BcF

(2.5%)

from Geopressured Aquifers

225 BcF

7 BcF

(3.1%)
I

. 500 BCF .

22 BcF
(4.4%)

RECOVERABLE
GAS

GAS IN
PLACE

GAS 1IN RECOVERABLE

PLACE GAS
] | ]

RESERVOIR A

RESERVOIR B

SINGLE RESERVOIR AREA 60 42

(SQUARE MILES)

PAY THICKNESS, FEET 300 200

PAY PERMEABILITY TO

BRINE, MDS 20 125

PRESSURE, INITIAL, PSI 11,000 11,000

METHANE CONTENT, SCF/BBL 40 25

LOCATION ' BRAZORIA FAIRWAY, LOUISIANA
TEXAS (W. MAURICE)

GAS IN RECOVERABLE
PLACE GAS
l ]
RESERVOIR C

20
500

100
14,000

47
LOUISIANA
(DEPTH RANGE,
18,000-19,000)




C. Economic Feasibifityv'<

’ Minimum economi¢ feasibility is governed by twd_broad charac-
teristics:

e Llarge initial investment costs due to the depth of
geopressuréd formations, the size of the casing and
‘extraction facilities required to handle vastrquan-'
tities of water, and the costs of reinjection wells
to disposé%of the spent brines. N

® Substantiai operating and power costs of handling,
repressuriﬁg, and disposing of the produced water.

Given the éost of applying the technology, to be economic the
- resource base must s@pport:_ ‘

J
e High, sustéined rates of water production; although
numerous réservoir characteristics contribute to
" this, the éominant factors are the gross volume of
the reservoir (area and thickness, with thickness
becoming dominant once a minimum areal extent is

reached), and the permeability of thevpay.

e High concentrations of methane in the produced
water; here the central factors, given the presence
of methane, are high pressure, high temperature,
and low salinity. ' '
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The next sections discuss the minimum required flow rate and
methane content combinations and examine the published geologic data
on geopressured aquifers in light of these minimum required conditions.

-

D. The Contribution of Ongoing R&D

Much of the theoretical analysis and all of the geologic data
has accrued from the valuable and quality research efforts that are and

have been underway for some time. The R&D program recommendations stemming-

from this analysis are an extension of this past work.
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II. MINIMUM ECONOMIC CONDITIONS

o
A. Basis fdr the Dérivation‘

Econom1c recoveny of methane from geopressured aqu1fers depends
on meeting two m1n1mUm cond1t1ons

{
\

o That‘the‘eCoanic value ofrthekgas*’COntained
~in one harre]>0f produced water at least repay
the openating costs of producing and-disposing
of that barrel of water; and

o That, the rate of. production be sufficiently
high to repay the investment costs of the
project., oo i

These two factors, total methane content and production rate,
are the two critical economic variables.and provide a direct means for
representing the numerous geo]ogic and reservoir characteristics that
influence these variébles In turn, the minimum required methane content
and product1on rate ére based on the operating, investment, and return on
capital costs assoc1éted w1th the recovery techno]ogy ' ‘

|

i
|
'»,1
Db
|

* The ana?ys1s cons1gered the production of methane as .
the primary purpose and did not consider either .the - ,
cost or the output‘value of thermal or hydrau11c energy -
recovery. This was.done for two reasons.  First, the
examination of thermal/hydraulic energy.recovery was - - ..
specifically exc1uded from the scope of this effort.

. Second, much’of ‘the ‘area ‘defined as being geopressured SRl
had temperatures between 200-3000F and thus had rela- R
tively low potential for thermal energy output. (The -
theoretical thermal output at 2000F is'about 1/5 of.the ‘ T
‘thermal output at 3250F.) ,
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1. Operating Costs

Overall operating costs are composed of four elements:

e General operating and maintenance costs (except
for power). ' | '

e C(Capital depreciation on well production and dis-
posal equipment (except for the well).

e Power costs involved in water disposal.

Estimates of these costs were developed from theoretical energy
balance equations and from field experiehce with water production and disposal.

e General operating and maintenance costs, excluding
power, to operate the water handling and methane
extraction were estimated at $0.0125 per barrel of
water produced. Adding a factor of 20% to cover

- overhead costs raises this amount to $0.015 per
barrel of water. ’

o C(Capital depreciation costs were estimated at $0.0125

per barrel of water produced. This cost assumes an
initial investment (for separation and handling faci-
1ities) of $20.00 per barrel of daily capacity (e.g.,

a 40,000 barrel per day facility would require $800,000
of investment costs), a 20 year life, and a 15% return
on capital. Adding a factor of 10% to cover overhead
costs raises,this'cost,to $0.014 per barrel'offwater.
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e Well operating and maintenance costs, to operate and main-

tain the production well and the four injection wells,

. were estimated at $100,000 per year plus 20% for overhead
costs. At production rates of 35,000 to 40,000 barrels
per day, well operating and maintenance costs would be
$0.01 per barrel of water.

e Power costs were derived from the energy required to
inject water into a two thousand net foot, hundred milli-
darcy, shallow salt water aquifer. This cost assumes a
required average disposal wellhead pressure of 1,000 psi
and $0.04 per Kw hr charge for 1argé industrial use elec-
tricity. MFking power costs of disposal a direct function

~ of gas pricf provides the following equation:

 Power costs = [$0.01 + $0.005 (pr1ce of natural gas
in $/Mcf)] % D1sposa1 pressure (Pj in’ ks1)

e Combining the four components prov1des the following
operating cpst equation:
- Total opera%1ng costs per barrel of water =

$0- ?4 + [0. b] +0.005 (price in $/Mcf)] x.
' ksi)

Since operat1ng costs have such a major and direct effect on the
economics of producing methane from geopressured aqﬁifers; these costs were
~validated by comparison with actual costs of the major water disposal company
in east Texas and with'ihdependént1y deriVédféostfestimates by outside con-

sulting engineers. The above costs~reconc11ed closely with these two sources.
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2. Investment Cost Estimate

The investment costs are based on drilling, completing, and
equiping a 17,000 foot well, onshore, using 7.0 inch casing. The cost

items are provided below:
e Drilling costs @ $80 per foot
e Tubing and well equipment

e Reinjection costs
Four 5,000 ft. wells @ $40 per foot
- (drilled, completed, and equipped,
including pump)

e Dry hole and uneconomic wells
cost at 1 in 4*

Subtotal

e (Qverhead and G&A @ 10%
TOTAL

$1,360,000

960,000

800,000

450,000
$3,570,000

357,000
$3,927,000

For the analysis, the investment cost was set at $4,000,000,

incurred one year in advance of first year production.

consistent with Joint Association Survey cost data and industry estimates.

* The essentially exploratory nature of the envisioned
drilling program, and the large (areal) step-outs

These data are

required from one reservoir to another, may lead to

large numbers of "dry" (uneconomic) wells. Hence,
the dry hole rate could easily be substantially
larger, raising the investment costs by $1,000,000
over the numbers shown above.

¢
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3. Decision.Criteria

Because of the many major uncertainties still associated with
~the geology, engineering, andzdisposal requinements,(the simple payback
approach was adopted as the financial decision criterion. Two payback

- rates were used to reflect d1ffer1ng r1sk prem1ums (a) 10 year payback,
before tax (equiva]ent to a low risk rate of return of about 8-10%; and
(b) 5 year/paybaCk, before tax (equ1va1ent to a h1gher risk rate of return
of about 20%).

Given théycdnsidenabie uncertainties and risks inherent in
recovering methane from geopressured aquifers, the current investment
.criterion would be a 5 year payback; successful research and development
could, in time, lead to lower risk premiums, as posed in the Advanced Case.

4. Approach to the Analysfs

" The analysis followed three stepsfi (a) calculating the minimum
required methane content per barrel of produced water to pay operating and
water disposal costs; (b) determining the required production rate/methane

content combination required to pay back the initial investment under high
and low risk 1nvestmént criteria; and (c) comb1n1ng these analyses to compute
the overall methane ¢ontent and -flow rate requirements. The analyses assumed
a recovery. eff1c1ency of .85% of the methane d1ssolved in “the brine, 12.5%
royalty, and 8% sevenance and other taxes. The ana]ys1s was conducted for
gas prices of $1.75, $3 00 and $4 50 per Mcf

~

B. Minimum Requ1red
Operating -Costs

Methane Content to Cover .

|
|
i
|
i ,
Based on the above operating cost estimates, the. f0110w1ng equa-
tions define the m1n;mum required methane content to cover operating costs,

assuming 1,000 psi injection pressure and 85% methane extraction efficiency:
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e 0.8 (price in $/Mcf) x (recoverable methane per barrel)>
$0.04 + [$0.01 + 0.005 (price in $/Mcf)] x P; (ksi)

$0.073

price in $/Mcf + 0.007

e Methane content per barrel (in Mcf) >

Solving for the three pfices of $1.75, $3.00, and $4.50 per

Mcf, provides the following minimum required methane content to cover
operating costs, as a function of price: )

Minimum Required
Methane Content

Price Per Mcf (cu. ft./bbl.)
$1.75 50
$3.00 30
$4.50 23

The production costs equation is assumed the same across all
production rates.

C. Minimum Required Production Rate and Methane
Content to Cover Investment Costs

Using the above investment cost assumptions, the following
equation defines the minimum required production rate and total recovery
to pay back investment costs:

e Methane Content per Barrel of Water (Mcf) >

$4,000,000 :
(365 x Rate (B/D) x Years) x 0.8 Price/Mcf x 0.85
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Solving the equation for four production rates of 20,000,
40,000, 60,000, and 80,000 B/D and for the 5-vear and 10-year before-tax
payback criteria, provides the following minimum,requiréd combinations
of production rate and incremental mgthanercontentiﬁo cover investment
costs, as a function of price:' '

, ~ Minimum Required
B ' ' -~ - " Methane Content
Price Per Mcf =~ | Production Rate (B/D) (Cu. Ft./Bbl.)

(10-year  (5-year
payback) payback)

$1.75 S 20,000 46 92

40,000 23 46
60,000 16 31
80,000 12 23
$3.00 - 20,000 27 54
40,000 14 27
60,000 - . 9 18
80,000 : 7 14
$4.50 20,000 20 40
40,000 10 20
60,000 - 7 13

80,000 ‘ 5 ' 10

The lower the production rate, the higher the required methane -
. content. The_shorter the payback requirement, thg higher the required
methane content. Bo%h’relationships are linear.




D. Minimum Required Production Rate/Methane Content
Combination to Cover Operating and Investment Costs

Combining the analysis of operating and investment costs -
establishes the minimum required combination of well production rate and
methane content, as follows: - o

Minimum Required Production Rate and Methane Content

Methane Content (Cu. Ft./Bbl;)'

Payback of
Coverage of Investment
Price Production Operating Costs
($/Mcf) Rate (B/D) : Costs (10 yrs-5 yrs) Total
$1.75 20,000 50 46 - 92 96 - 142
40,000 50 23 - 46 73 - 96
60,000 50 16 - 31 66 - 81
80,000 50 12 - 23 62 - 73
'$3.00 20,000 30 27 - 54 57 - 84
40,000 30 14 - 27 44 - 57
60,000 30 9 -18 39 - 48
80,000 30 7 - 14 37 - 44
$4.50 20,000 23 20 - 40 43 - 63
40,000 23 10 - 20 33 - 43
60,000 23 7 -13 30 - 36
80,000 23 5-10 28 - 33

Exhibit 6-2 provides the graph of the minimum required production
rate and methane content for the five year payback case (the current high
risk situation). Exhibit 6-3 provides the graph for the 10 year payback
case and assumes that future resource characterization, technology develop-
ment, and demonstration will reduce the risk.
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( ' Minimum Required Production Rate and Methane
' Content from Geopressured Aquifers (Under Five-Year Pavback) -

Required Productioqi Rate (B/D)

80, 000 f

$1.75/MCF

60, 000

$3.00/MCF
40,000 ;

20,000 f

$4 . 50/MCF

30 40 50 60 70 80 90

REQUINTD " THANE CONTENMT -
(CU. FT./DBL)
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Required Production Rate (B/D)

80, 000

60,000

40,000

20,000

34, SO’I‘:‘F

Exhibit 6-3

Minimum Required Production Rate and Methane Content
From Geopressured Aquifers (Under Ten-Year Payback)

$1.75%McF

$3.00/McF

1 '

1

30

] Y
50 60
REQUIRED METHANE CONTENT
(CU. FT./BBL.)

70

O
or
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This secti¢n'describes the methods used to estimate methane
content and product1¢n rates of the identified geopressured resources
in Texas and Lou1s1ana and then applies these.analytic methods to eva-

luate their economic

A.

potent1a1.

15

Estimation Methods

Methéne Cbntent

The vélume

of methahe per barrel of water depends on the pre-

sence of methane to be dissolved and the solubility of the methane in

water. -So]ubi]ity,

pressure, and salini

The or1g1na1 work by Culberson and McKetta~

values of methane in
temperatures by Sult
were then adjusted u
salinity of the rese

The result‘

in‘turn, dépends on the interplay of temperature,
ty. o :

, 7/
pure water has been extended to higher pressures and
anav, Skripka, and Namoit (Exhibit 6-4). These values

sing work by Stand1ng and Dodson~’ 8/ to account for the
rvoir water (Exhibit 6-5).

on the saturation

ing estimates are reported later in this section.

However, a quick examination of the two curves, in light of the previous

analysis, readily sh
pressure, and low sa
and near term gas pr
assuming a reservoir

ows that an extraordinary combination of temperature,
linity s required for~economic feasibility at current
ices. For example, at the $3.00/Mcf gas price and
can support a 40 000 B/D product1on rate, the minimum




6-18
Exhibit 6-4

Solubility of Methane in Fresh Water
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Exhibit 6-5
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(under a 5-year payback) could be met only by pres-

6,000 ps1, temperature greater than 3500F, and

n 20 000 ppm (Because the three var1ab1es interact .
content less than 1dea1 cond1t1ons on one var1ab1e
y 1mproved conditions on the others ) i

Rate

a. Analys
" The ra
mined by the interpl
the range of conditi
aquifers, however, m
production rate fs‘g

Com

Net

Pre

“* The ef

“analyzed below.

Ares
-~ Por

is'pf'Producticn,Ratej-‘SampTe'Reservoir

te’of production from geopressured aquifers is deter-
ay of numerous reservoir -and fluid properties. Within
ons expected to be encountered in the geopressured

any of these have re]at1ve1y smal] effect
3verned by s1x cr1t1ca1 factors;

In general,

pressibility

Permeability

pay thickness
Dsity

ssure

fect of these Variab1es on the production rate is




6-20 -

(1) Compressibility | - .

The comhressibi1ity coefficient (c) is defined as the fractional
change in the pore'volume per unit change in pressuke;' It reflects the
combined effects ofkwéfer compression, rock matrix compression, and com-
paction of the formation. o

While the compressionléoefficient for water is well known (at

-6 psi'l), Tittle data exists regarding the compression

approximately 3 x 10
coefficient for the matrix rock or the compaction coefficient for geopres-
sured reservoirs, thus introducing an additional bound of uncertainty in

estimates of potential production rate.

One Company, after haVing studied the question for two years,
estimates that the rock matrix compression and compaction of the formation
is approximately 7.6 x 1076 psi'l, for unconsolidated sandstone, and 3 x 10°
psi'] for semi-consolidated sandstone. When the water and rock (formation)
6 psi'j for the compression

6

coefficients are combined, one arrives at 7 x 10~
drive coefficient.

It may, however, be possible to have higher compression coeffi-
cients, estimated by some as high as 40 x 1076 psi'1. Should these higher
compression coefficients be found with no counterbalancing effects, it
could be possible, theoretically, to recover considerably larger portions
of the resource and to produce substantially smaller reservoirs. The effect
of variation in this parameter has been shown to have direct, linear rela-
tionship to recovery efficiency. However, the counterbalancing effects of

high compressibility coefficients could be severe:

gif
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e Permeability near the wellbore will be dramatically
lowered as the compressibility increases.

~ e Risks 6f environmentally Serious subsidence increase,
probabiy necessitating reinjection of the produced
“water into the geopressured aquifer.

° 7H1gh cOmpress1on coeff1c1ents that imply "soft" reser-
voirs tou]d because of high sand flow, be rejected
as techno]og1ca11y infeasible to complete or produce.

Because 0% the vast unknowns concerning compressibility, a rela-‘
tively optimistic Cbefficient of 11 x 10'6Hpsi'] with no counterbalancing
effects were assumeh throughout the analysis. '

R | _
|
(2) Perméabi]ity, Thickness, and Area
|
Assuming a fixed compress1b111ty coeff1c1ent and the other base-

,]1ne reservoir data on the samp]e reservoir (Exhibit 6-6), the production
from geopressured aqu1fers is governed by permeability, th1ckness and
'area] extent '—’w'~'

i
For'ana1ytic purposes, constant rates were estimated at permeabi-
lities of 5, 10, 20, 50 and 100 md; net pay of 100, 200, 300, and 500 feet;
“and areas of 5, ]0,‘20 50 and 100 square m11es The results of these

ca]culat1ons are d1§p1ayed in Exh1b1t 6-6.

Exhibits 6-7 and 6-8 show the relationship of production rate

to net pay and permeab111ty for a sma]] (5 square miles) and a 1arge
(50 square miles) reservoir.
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EXHIBIT 6-6

- TEN YEAR AVERAGE WATER PRODUCTION:
FROM GEOPRESSURED AQUIFERS AS A FUNCTION OF
NET PAY, PERMEABILITY, AND RESERVOIR AREA

(MB/D)
AREA NET PAY \ PERMEQS%LITY _
mi%)  _(F1.) 5 TO — 20 50 100
5 100 ' 4 5 : 6 7 ‘ 7
200 : ‘ 8 10 12 13 14
300 11 15 17 19 19
500 18 23 26 28 29
10 100 5 8 10 12 13
200 10 15 19 22 24
300 15 21 26 30 32
500 23 31 36 i 7 /7 42,1
20 100 6 10 15 20 22
200 12 19 26 33 36
300 17 26 34 ANV N /,4m’
500 26 37 vis~ /’// 49 ~ 7/ 52/
50 100 7 12 - 20 , 30 36
200 13 22 33 |// 44"//// A8
300 19 30 v / 41,/ - 750, s
500 28 Vi, / - /50 ,* ~ / b57,- S /' 59/
100 100 7 13 22 36 [ 7437
200 13 23 35 V/ 48/ / / /54
300 19 f £ 783/ /77 T wh 7 7 7 7587
500 29 //42// /52////59////,
Initial Pressure: 11,000 psi
Depth: 13,000 ft
Porosity: 0.216
Viscosity: 0.199 cp
Wellbore Radius: 0.275 ft
Minimum Wellhead Pressure: 500 psi
Fluid Head: _ 0.465 d = 6045 psi
Friction Loss (psi): 7.477 x 10-11 dq = 9.7201 x 10-7 q2
Compressibility: 11 x 10-6 psi-
Shape Factor: 30.8828 (for one well) o~
Time: 10 years for economic payback (-

calculations - 30 years for
ultimate recovery .
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.- Exhibit 6-7 ...

Ten Year Average Pfod;jctioh Rate As A Function of
Net Pay, Permeability, and Area

Reservoir 2
Area = 5 mi




10 Year Average Production Rate

50,000 T

T

50,000 A

49,000 1

T

30,000 A

T

20,000 A

109000 7
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Exhibit 6-8

Ten Year Average Production Rate As A Function of
Net Pay, Permeability, and Area

Area = 50 m1'2

i 1 _ N ¢
Y ) ] & J

100 200 300 400 500

+
-+

Net Pay (Feet)
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1ty and Pressure

The final
for their effect on
performed by Randolp

ence of Reservoir Parameters on

two parameters, poros1ty and pressure, were analyzed

production rate estimates according to the flow analysis
h,gj as shown on Exhibits 6-9 and 6-10.

(4) Influ
Production Rate
The analysis shows that-economic exploitation will require reser-

voirs of substantial

over the likely range

size. Of the three parameters varied in the analysis,
of parameters considered, formation thickness (net

pay) shows the most harked_effect on production rates, followed closely by

areal extent and permeability.

(with gas contents o
cally, at affordable
miles x 500 feet in
required flow rates
shows, as reported i
episodic and difficu

b. Engineerin

If the Tower methane content reservoirs

f 40 cf/bbl or less) are ever to be produced economi-

gas prices, reservoirs of over 5 cubic miles* (50 square
thickness) wi]1:be required to provide the minimum

to pay back investment. The investigation to date

n the next section, that such large reservoirs are

1t to find. | | |

g Calculations of the Production Rate

(1) The B

asic Formulae

The basic mechanics of fluid flow through the aquifer formed the

basis for ca1cu1at1ng

“reservoirs.

the product1on rates of the identified geopressured

i
|

4

* Equivalent to rese
Bay in size.

rvoirs approaching Prudhoe




’¥s)

Water Production Rate,
1000 bbl/day

SOURCE: R:zndolph

40

30
Water Production Rate,

1000 bbl/day

20

10

SOURCE: Randnlnh
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Exhibit 6-9 S
Effect of Porosity Upon Production History

0o 2 4 6 8 10 12 14 16
Years of Production

18 20

Exhibit 6-10 .
Effect of Reservoir Pressure Upon Production History

13,000 PsI

700 PSI

10,400 PS

9,400 PSI

8,400 PSI

0 2 4 6 8 10 12 14 16 18
Years of Production

20
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Two formu]%e were used to calculate fluid flow:

e The infﬁnite reservoir solution (6? the éxponential
integraj;solution),was used to .describe pressure
behavioanroundva single well producing at constant
rate frbm an infinite reservoir.

o The pseudo -steady state formula was used to descr1be
the pressure behavior of a well producing from a
bounded reservoir after the pressure disturbance
of the We]] has reached the boundaries of the
reservoﬁr,

~ Volume IIIjof the study provides additional discussion of the
reservoir mechanics of producing the geopressured aquifers.

(2) App]i#ation of the Recovery Model

To i]]ustréte the calculations, the fluid flow formulae were
applied to the sample reservoir (Exhibit 6-6):

e The basﬁc equation derived from the above two
formulae of fluid flow is:

q(iabo) - (PI/¢chaP)

o Subst1tut1ng as fo]]ows

_:rvPI§' product1v1ty index
¢: - 0.216 6

112210 Cpsi”!
h: 162 ft.

t

1P00:”]0.44 o
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e Solving for PI,* the equation becomes:
q(BPD) = 6.96AP(psi)

e Solving for &P, the pressure differential -- the initial
aquifer pressure less the fluid head to surface, the
producing well head pressure and the friction loss --

AP = 11,900 - 6045 - 5
- (9.7201 x 107'q)

e Substituting AP yields:
A 6, 2
q(BPD) = 30,990 (BPD) - 6.761 x 10” q(BPD)

for the sample reservoir.

* PI, the productivity index function, is: )
PI/¢c(BPD/ft.) = 21.3/[(t{yr)/A(AC)) + 18.79PDO/n (ft /day)]
for the pseudo-steady state period, when n, the hydraulic
diffusivity is:

n = 0.00633 k/éuc
= 2.38 x 105ft.2/dry (for the sample reservoir)
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B. The Potential of broducing Geopressured'Aquifers
at Gas/Water Ratibps in Excess of Solution Va1ue

/

Recent]y, the poss1b111ty that geopressured aqu1fers might be
produced at gas/water ratios in excess of the rat1o that exists in the
reservoir has been posed.

This hypothes1s may stem from exper1ence with undersaturated
crude 01 reservoirs that produce 0il and gas at solution ratios between
initial pressure and pubble point pressure.  Production during this initial
period is due to 1iquﬁd expansion such-as that presumed to occur in the pro-
duction of geopressurEd aquifers. However, below the bubble point pressure,
gas/oil ratios 1ncrea5e quite rapidly for undersaturated crude oil reser-
voirs. This is due,to the release of gas from solution within the bulk of
. the reservoir and the}subsequent and rapid migrationeof this gas to the
wellbore because of its far,greater>mobility,than that of the crude oil.

Before this released gas can flow it must first build up in satu-
ration to some cr1t1ca1 value. fMost estimates of critical gas saturation
are based on laboratory f1ou/studies; and are usually in the range of 2 to
3% pore volume. These may be high estimetes;'beceuse of problems in cal-
culating material ba]ances'oo small volumetric changes'ahd‘the actual obser-
vation of very sma'l'l flow rates in laboratory studies. '

The‘key quest1on becomes what is cr1t1ca1 gas saturation for
gas flow to occur. For crude 0il reservo1rs with so1ut1on gas rat1os 1ﬁ
the hundred and even as h1gh as 1000 to 2000 cf/Barrel there is no
problem in account1ng for the release of suff1c1ent gas to reach a
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critical gas saturation. However, in the case of geopressured brines
containing 40 cf/Barrel or less, the assurance of critical gas satura-
tion becomes more problematic. Should the reservoir pressure of a geo-
pressured aquifer decrease from 11,000 to 6,000 psi (approximate economic
limit), the equilibrium gas saturation decreases from some 40 cf/B to

30 cf/B. At 6000 psi, the released 10 cf/B will occupy a reservoir
volume of only 0.7%. This saturation is significantly less than any
reported or présumed values of a critical gas saturation.

It has been suggested, based on the performance of the Edna
Delcambre et. al. No. 1 well, that the geopressured aquifers may contain
initially a free gas saturation of 6% or highef which is nevertheless
below the critical gas saturation for the reservoir. On the release of
a trivial quantity of gas from solution it has been suggested the critical
gas saturation is surpassed, resulting in the production of gas/water
ratios significantly greater than solution values. This conclusion is
without foundation, as detailed in Volume III of this study. The subsequent
computer modeling of the well's behavibr did not obtain a good fit of the
actual performance. The data on the well, because of the short equilibra-
tion times, large drawndown, and absence of definitive proof about behind
pipe communication between zones, is an inadequate base for the far-reach-
ing conclusions presented.

One assessment of the way in which gas-bearing geopressured
aquifers came into existence is to assume that the gas was developed
in bounding\shaleé and then entered the brines which saturated the
adjacent porous sands. Under such conditions, the gas upon reaching
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i
|
i
\

a critical gas saturat1on wou]d beg1n to m1grate and collect under con-
ventional trapp1ng cond1t1ons Thus, in the body of a geopressured
aqu1fer, no more than critical gas saturat1on should be expected to be
encountered except where the reserv01r conf1gurat1on prov1ded a conven-
tional gas trap If only critical gas saturation is encountered, then
the add1t1ona1 sma]] release of gas on pressure drawdown will not contri-
bute s1gn1f1cant1y to gas product1on at rat1os above solution values.

- On the other hand, where critical gas saturation was ear]ier'
reached and gas generat1on continued, the accumu]at1on of free gas must
be sought in convent1ona1 traps by re1at1ve1y conventional exp]orat1on
techn1ques The 1ndustry has been and continues to explore for geopressured
gas accumu]atlons The deve]opment of such reservo1rs, because of the high
gas- bear1ng capac1ty of a geopressured pore, is a very reward1ng and profit-
able operat1on HoweVer, as noted above, the total volume of such accumula-
tions tend to be qu1te small. These accumulations of free gas in anticlinal,
strat1graph1c or fau1t traps are not cons1dered part of the potential of
gas supply from geopressured aquifers, even should geopressured aquifers
be adjacent or the source of suchgas. . -~ = - T |

C. General Resource Base -- Findings to Date

1. Areal Extent of Geopressured Aquifers

B Géhéra]izattons'abOUt the likely size of geopréessured aquifers
have proven unreliable since local geologi,sespéota11y'teotonic'aCtivity -
and local geoiogicai deposition, determine the size of the reservoirs.
Several recent studies illustrate this point.
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The geologic studies by‘wi1son and Osbornelgf indicate that
the likely maximum sizes of individual sand bodies in selected delta |
facies is of the order of 3 to 4 cubic miles and the median volume

"would be somewhat less than 1 cubic mile. This is prior to the secon-
dary modifications that result in faulted reservoirs. They find that
the occurrence of multiple, "stacked" reservoirs amenable to multiple
completions has low Tikelihood based on the depositional history of the
aquifers.

Bebout and his associates at the University of Texas have
carried out somé exemplary studies on regional and site specific sedi-
mento]ogy.ll/ What appears to them to be a prime target as a geopressured
aquifer occurs in the Austin Bayou prospect. Three ihdividualxsandstone
bodies 1ie between 13,500 and 16,500 feet within an area of about 60 square
miles. The largest of the three is a wedge Shaped‘body 150 feet thick;
the three sand bodies together total 300 feet. Thus, the total volume of
the multi-story package is about 3.4 cubic miles.*

Very recently, Wallace (USGS)lg/ has begun to identify the
vertical extent and composition of Louisiana reservoirs. However, even
though these formations are known to be highly faulted, little is known
of the areal extent of these individual fault blocks.

To gain some insight into sizes of potentially similar struc-
tures, the areal distribution of the fault blocks that comprise the 31
largest oil fields in the Gulf of Mexico were examined (Exhibit 6-11).

* While geological analysis has inferred that there are some
800 to 900 net, but dispersed, feet of sands at the prospect
location, only about 300 feet of pay appear to have adequate
permeability to ensure economic flow. Recent data indicate
that the 60 square miles may be comprised of four or more
separate sand bodies, thus a well at the targeted location
is expected to drain sands within a 15 to 16 square mile
area.
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Exhibit 6-11

" Distribution of Fault Block Sizes, Gulf of Mexico

SIZE DISTRIBUTION | NUMBER OF RESERVOIRS TOTAL AREA  PERCENTAGE

midy . mid)

0-1 e 16 40%
2 | 56 84 233
3 15 S ) A 10%

-4 R A 7 B 6%
5 1 N
S T T - B 16%

S0 1 16 4%

TOTAL S - 366 0 - 100%
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Based on 380 fault blocks in these 31 fields, covering 371 square miles,
only one fault block .(covering 16 square miles) met the minimum size

requirement of 10 square miles that could, when combined with the thick
pay and high permeability, support a production rate of 40,000 B/D.

Should the same conditions hold for the géopressured water
bearing aquifers as for oil bearing fault blocks, only about 4% of
southern Louisiana's surface area would contain aquifers of sufficient
size to provide economically attractive production rates.*

2. QOther Key Reservoir Parameters

After areal extent, the next two most important variables are
the thickness of the producible net pay and its permeability.

The pay thickness determines reservoir size and influences the
production rate (kh) and the slope of the production decline curve. For
example, based on the above analysis, a reservoir with 500 feet of pay
(when combined with an area of 50 square miles and permeability of 20 md)
will support a 50,000 B/D rate for 10 years; the same reservoir with 200
feet of pay will support a rate of 33,000 B/D for 10 years and one that
steadily declines after that time.

Recent geologic datalg/ indicate that pay thickness may be con-

siderably lower than initially assumed. For example, the recovery
estimates of 250 Tcf (Dorfmanlﬁ/) assumed 1,500 feet of pay. Recent

* The possibility that the geopressured aquifers and oil and
gas traps may have a different distribution parallels the
assumption that the productive geopressured aquifers will
be found in massive deposition occurring in the salt with-
drawal synclinal areas. 0il and gas traps, of course, are
found at structure locations. However, for the synclinal
reservoirs to be large the assumption must also be made
that these areas are not as frequently faulted.
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data 1nd1cates h1gh porosify;iadeQuate oermeabi]fty methane bearing pays
are in the 300 foot _range, about 20% of. the initial estimates of pay
thlckness '

F1na11y, the analys1s shows that decreases in permeab111ty can
have significant effect on initial production rates. While the 1n1t1a1
est1mates of recovery were based on assumed permeab111ties of 100 md,
recent data gathered %rom geopressured reservo1rs]5/ reveal that absolute
permeab111t1es to gas range from 1.5.mds to 50 mds in the Texas Gulf.
Coast -(although they may be higher in Louisiana), and are probably sub-
stant1a1]y 1ess to hot brines.

|

|
: Wh11e the work to date.has shed cons1derab]e 1ight on the geo-

logy and reservoir propert1es assoc1ated with qeopressured aqu1fers much
remains unknown. These unknowns set the basis for the research agenda
posed at the conc]us1on of this chapter.

_ The remainder of this section combines the»generaleana1ysis of
geopressured aquifers!with detailed geological studies in defining the

potential of the "identified to date" resource base in Texas and Louisiana.
| .
D. Geopressured Aqui%ers of the Texas Gulf Coast
|

Recently conp]eted work by D. B. Bebout of the Bureau of
Economic Geo]ogy (Un1vers1ty of Texas at Aust1n) has identified pros-
pective geothermal/geopressured reservo1rs in the Texas Gu]f Coast-
Frio Formation. ' ' ‘ :
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Five major geothermal/geopressured fairways were identified
by Bebout in the Frio Formation (Tertiary) of the Texas Gulf Coast.
The geologic data (Exhibit 6-12) and the analytic methods discussed
above were used to estimate the methane content of the water and cal-
culate the average prodﬁction rates for the five identified prospects,
as follows: | | N

Estimated ; Estimated

Methane Content Production Rate
, (Cu. Ft/Bbl.) - (Avg. Bb1/D; 10 yrs.)
e Hidalgo Fairway 45 ' 7,000
e Armstrong Faifway 35 34,000
e Corpus Christi Fairway 40 ‘ 9,000
e Matagordé Faeray 55 2,000
e Brazoria Fairway
-- Austin Bayou 45 51,000*
-- Other 40 41,000

* Assumes a sand body of 60 square miles; subsequent analysis
indicates that the 60 square mile area may be composed of
numerous discrete sand bodies and that a well in the Austin
Bayou prospect may drain sands only with a 16 square mile
area. Should the more recent data hold, the estimated 10
year production rate would decrease to about 35,000 B/D,
and the Austin Bayou prospect would be economic only at a
higher, $4.50/Mcf, gas price.



Reservoir Properties of Prospective Fairways in Texas

Exhibit 6-12

- Prospective (

Fairway

1.

2
3
4.
5

Hidalgo -

Armstrong

Corpus Christi

Matagokdaf

Brazori& o

- Austin Baybu'

- Other

* Assuming a pressure gradient of 0.85 psi per 1,000 ft
**Estimated for: Fairways. 1-4

Area of

. Dissolved . Individual .:. . Areal
“Temperature Pressure Solids Permeability Net Pay Sand Body - = 'Extent

(OF) {psi)* (ppm) *+ (md) (ft) (mi2) (mi2)

300+ 11,000 (20,000) 1.5 +-300 50 500

© 250 10,000 (20,000) 20 300 50 . 50

300 10,000 (20,000) 5 350 4 200

© 350 12,000 (20,000) 35 30 4 100

~ 325 12,000 60,000 50 300 60 60

300 11,000 60,000 20 300 50 140

L€-9
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When these five prospects were compared to the minimum economic
conditions for the (low-risk) payback period of ten years, the following
results were drawn (also shown in Exhibit 6-13):

Gas in Technicé]]y‘

Place Recoverable Economic Status
(Tcf)

e Hidalgo Fairway 6.7 0.03 | Not economic at $4.50/Mcf
e Armstrong Fairway 0.6 0.01 Not economic at $4.50/Mcf
o Corpus Christi Fairway 2.2 : 0.17 ; ~ Not economic at $4.50/Mcf
e Matagorda Fairway 0.2 | 0.02 Not economic at $4.50/Mcf
e Brazoria Fairway » _

-- Austin Bayou 0.8 0.02 Economic at $3.00/Mcf*

-- Other ' 1.7 0.05 Economic at $4.50/Mcf

TOTAL 12.2 0.30

* Assumes a sand body of 60 square miles; subsequent analysis
indicates that the 60 square mile area may be composed of
numerous discrete sand bodies and that a well in the Austin
Bayou prospect may drain sands only with a 16 square mile
area. Should this more recent data hold, the estimated 10
year production rate would decrease to about 35,000 B/D,
and the Austin Bayou prospect would be econom1c only at a
higher, $4.50/Mcf, gas pr1ce



: Exhibit 6-1?
Economic Analysis of Texas Gulf Coast Fairways

20,000 'ﬂ

34,501 !

@

i ]
50 60 70

REQUIRED METHANE CONTENT
(CU. FT./BBL.)

C =

90 -

- EAIRWAYS ©
80,000 = | 1 - HILDAGO
$1.7%McF 2 — ARMSTRONG
g 3 - CORPUS CHRISTI
. 4 = MATAGORDA "
) ‘5A- AUSTIN BAYOU
s '58- OTHER BRAZORIA
£ 60,000 o= $3.00/MCF S P :
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g
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Production from the economic fairways was estimated (using
the above recovery equations) under 10 year and 30 year constant pro-
duction rates. Exhibit 6-13 shows that at $3.00 per Mcf only the
Austin Bayou appears economic; at $4.50 per Mcf, the Other Brazoria
Fairways become economic. The economic recovery from these fairways
was extrapolated to the total Texas Gulf Coast area to the 300°F
isotherm on the assumption that these fairways are representative* of
the total area. The result of this extrapolation is as follows (in Tcf):

Identified Total Texas
Texas Prospects Gulf Coast
(Tef) : (Tcf)
e Total Gas In Place 12 60
e Recoverable Gas In Place 0.30 2
° .Economic Recovery At:
$1.75/Mcf - -
$3.00/Mcf . 0.02 0.1
$4.50/Mcf ' 0.07 0.4

* If one assumes that the five identified fairways that jointly
cover about 1,000 square miles are representative of the total
5, 000 square m11e Texas Gulf Coast from the shoreline to the
300°F isotherm of the lower Frio formation, one can extra-
plate these findings to Texas. Exhibit 6-14 shows the above
boundaries and area to which the results have been extrapolated.
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Exhibit 6-14

tial Areal Extent of Geopressured Aquifers —
Gulf Coastof Texas =
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D. Geopressured Aquifers of the Louisiana Gulf Coast

1. Analysis of Geopressured Aquifersv- LSU
16/

Two recent studies by Hawkins—' of Louisiana State University
and Wallace of the U.S. Geological Survey have gathered valuable geological
data on the geopressured reservoirs of Louisiana.

7 Eight large geopressured aguifers were located and defined by
Hawkins in the Louisiana Gulf Coast area. In addition, 55 prospective areas
- were identified from sand count and pressure maps, however, further geologi-
cal study is required to ascribe any volumes to these prospective areas.

Based on the available reservoir data on the eight identified areas,
the natural gas content of the geopressured water is estimated by Hawkins at
13.6 Tcf. However, Hawkins qualifies this gas in place estimate with the fol-
Towing statement:

"The reader is cautioned to realized that these figures
tell only the estimated total energy in place and that
at this point very Tittle is known about (a) the rate
at which geopressured energy could be produced, and

(b) the fraction of the total geopressured energy re-
source which occurs in aquifers which are large enough
to warrant drilling even one well which would produce
for say ten years at a sufficiently high volume rate to
be of economic interest. Indeed, it is to be inferred
from the general geology of southern Louisiana, that
much of this geopressured water is contained in aquifers
far too small to justify the drilling and completion of
a single well, much less a cluster of wells."

The methane content for these eight areas is estimated as follows:
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Reservoir Properties

Prospective ) Temperature Pressure Dissolved Estimated Methane
Area ' (OF). - (psi) Solids (ppm) - Content (Cu.Ft./Bbl)

1. Newton 190 - 7,000 80,000 14

2. S. Midland 250 - 10,000 80,000 21

3. N. Lake Arthur 240 9,000 80,000 20

4. W. Lockport 220 - 10,000 - 80,000 19

5. W. Maurice - 250 11,000 80,000 25

6. S. White Lake 280 9,000 80,000 25

7. Big Mouth Bayou 220 8,000 80,000 17

8. SE Peron Island 270 - 12,000 - 28

\

" Under a min
barrel (assuming a 10

1

-

‘;:2. ;Ana]ysis,of;Geqpressured Aquifers - USGS

80,000

imum required methane content of 35-45 cubic feet per
) year production rate of 40,000 B/D), none of the
eight prospective aréas are economic at $4.50/Mcf. '

“ ‘A second effort currently underway by USGS (Wallace) involves analysis

" of over 1,000 wells ¢
“shore Louisiana. -

-+ ~The analysi
full depth interval o

feet of depth. Thus,

Using data
following methane con

10,500 to 19,000 feet:

‘overing about 75,000 square miles from onshore and off-

s has identified about 6,000 Tcf of gas in place for the
f 2,000 - 19,000 feet. Approximately half of the area

was onshore (half offshore), and the geopressured zone began at about 10,500
about 800 Tcf of gas in place is in reservoirs that are
both geopressured and onshore. ' ’

on temperature, pressures, and salinities from USGS, the
centrations were determined for the geopressured interval
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Reservoir Properties GIP

Geopressured Temperature Pressure Salinity Methane Content Onshore
Interval (ft.) (OF) (psi) (ppm) - (Cu. Ft/Bbl) (Tcf)
10,500-11,000 210 8,000 110,000 16 95
11,000-12,000 220 9,000 100,000 18 160
12,000-13,000 230 9,000 90,000 19 150
13,000-14,000 240 10,000 90,000 21 115
14,000-15,000 250 11,000 80,000 26 90
15,000-16,000 260 12,000 70,000 31 85
16,000-17,000 270 13,000 50,000 37 60
17,000-18,000 280 13,000 50,000 42 25
18,000-19,000 290 14,000 50,000 47 20
TOTAL 800

Since limited conclusive data are available on areal size or permea-

bility of the south Louisiana geopressured aquifers, for economic and recovery
purposes it was assumed that each interval could support a ten year production
(Such a rate could be

rate of 40,000 B/D, a reasonably optimistic assumption.

provided by large reservoir volumes with high permeability -- see Exhibit 6-6.)

, Plotting the methane content and assumed production rates on
Exhibit 6-15 shows that:



80,000 =4

Required Production Rate (B/D)

60,000

40,000

20,000,

"\  Exhibit 6-15

Economic Analysis of Louisiana Geopressured Aquifers
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e The 18,000-19,000 foot interval could be economic
at $3.00/Mcf if wells in this interval can sustain
a ten year production rate of 40,000 B/D.

e The 16,000-19,000 foot interval Cou]d be ecdnomic at
$4.50/Mcf if wells in this interval can sustain a
ten year production rate of 40,000 B/D.

» ‘Based on the gas in place in each of the economic depth intervals,
and assuming a five percent recovery efficiency* these results were extra-
polated for the 25,000 square miles of the Louisiana onshore target area,
as follows (in Tcf):

e Total gas in place 800~
e Recoverable gas in place - 40

e Economic recovery at:
$1.75/Mcf -
$3.00/Mcf
$4.50/Mcf 5

* The assumption of a five Dercent'fécovery efficiency with
a sustained ten year production rate of 40,000-B/D requires
thick (500 feet+) and highly permeable (100 md+) reservoirs.

vigh
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TIVITY ANALYSES OF ECONOMICALLY

A. Summary of Potent

NE_FROM GEOPRESSURED AQUIFERS

ial

The analysis
identified Texas and L
prices of up to $4.50/

above shows that the economic potential of currently
ouisiana reservoirs ranges from 1 to 5 Tcf; at gas
Mcf. o '

Texas Louisiana
‘TCf$”=*, (chj;
- Gas in Place 60 . . - 800 -
" Recoverable Gas in Place: 2 © 40
“Etonomfcal]y!Récoverablé‘at: o A
,‘4 $1.75/Mcf A:‘ - -
o $3;00/ncf 0.1 1.0
$4.50/Mcf 0.4 5.0

B. Sensitivity of the Recovery Estimates to Key Variabies' ‘

. These. recove
tions about economics,
- determine how sensitiv
particu]arly:\v

e ;Ihvéstmén
e  Operating

e Risk prem

ry estimates have been based on a series of key assump-
geology, and reservoir performance. It is useful to
e these estimates are.to reasonable bounds. of variation,

t‘costévfor the well
costs

jum investment criteria
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e New producing horizons/supplemental free gas
e Free gas saturation |

° Thickness of pay

e Areal extent

e Reinjection pressures

The results of this sensitivity analyses are shown below.

1. Investment Costs

The recovery estimates of 1 to 5 Tcf are insensitive to + $1,000,000
changes in investment costs. Reducing or increasing investment costs by
$1,000,000 per well changes the minimum methane content requirements (at the
40,000 B/D level) by only + 2-3 cubic feet per barrel and would not have an
appreciable effect on the economically recoverable portion of the resource
base. '

2. Operating Costs

The recovery estimates of 1 to 5 Tcf are highTy sensitive to changes
in the operating and energy costs of reinjection. The operating costs used
herein are tied to the selling price of the produced gas, and to the energy
required for disposing the produced water; for example, if the average disposal
pressure was 2000 psi rather than 1000 psi, the increase in Qperatihg costs
would reduce the economic potential of the identified Texas and Louisiana
reservoirs to essentially zero at prices up to $4.50/Mcf.



It may be p
gas f1red compressors
be feasible, the powe
to $0.05 + [0.002(pri
“reinjection pressures
to a range of 2 to 9
tively.

,,3;:;1hvestment
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ossible, in the future, to des1gn 1arge reliable

for re1nJect1ng the reservo1r br1nes Should this
r costs, and thus the operat1ng costs, cou]d decrease
ce .per Mcf) X P (ks1)] " Under this assumpt1on (and
of 1, 000 ps1), the 1 to 5 Tef potent1a1 wou]d increase
Tef at gas pr1ces of $3 00 and $4 50 per Mcf respec-

Criterion

Requiring a
year payback) would r
Tcf to about 1 Tcf.
Texas and Louisiana r
(a shown previously i
. follows: |

Eco

A

4. New Horizon

higher risk premium reflected in a 20% ROR (or a five-
educe the economically recoverable estimates of 1 to 5
When the production rates and methane content of the

eservoirs are analyzed using the fiye-year payback curves

n Exhibit 6-1), the economic potential becomes as

" Texas  Louisiana
(Tcf) -~ (Tcf)
nomic at: S
: }$1,75/Mcf7 o ?l,‘ -
Cls3oo/mer -

‘$4.s0/Mcf 0.3 1

S

New ProduC1
;’It may be that other
and the @Pper Q"d Low
logically favérable a
Should
geopressured aquifers

recoverable.

ng horizons may serve to increase the econom1c potent1a1.

format1ons, such as the W11cox and V1cksburg in Texas,
er-Cretaceous in Lou151ana, conta1n sufficiently 990-
qu1fers of high methane content to be’ econom1ca1]y
this. be verified. by further R&D the potential of. the
wou]d increase.
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5. Free Gas Saturation

The potential from(geopreSsured aquifers could be substantially
enhanced should free gas in the pores or in an overlying gas cap be con-
sistently found in conjunctionrwfthrlarge geopressured équifers. However,
it is generally believed thatrgéopre53ured free gas accumu]afions occurring
in'cohventipna1 tkaps will be sought and developed as an intrinsic part of
conventional exploration and productipn activities. '

Additional analysis and resource definition will be required to
define any parallels between the occurrence of geopressured methane bearing
aquifers and geopressured gas reservoirs, '

6. -Thickness

Should the formations prove to be twice as thick as have been
found in Texas and be able to produce at 60,000 B/D in Louisiana, economi-
cally recoverable methane would increase by 1 Tcf. In Texas, given the areal,
permeability, and methane content data on the five identified fairways, only
the Armstrong and Brazoria are economic even at pays up to 600 feet. However,
since the volume of two economic fairways doubles, the total recoverable from
Texas would double. In Louisiana, increasing the productive capacity suffi-
cient to raise the 10 year production rate to 60,000 B/D would not economi-
cally bring on the next interval of 15,000-16,000 feet, and thus would not add
to currently identified recovery.

7. Areal Extent

Should the five identified fairways in Texas be the most favorable
and the fault blocks in Louisiana be small (comparable to the offshore oil
fields), the economically recoverable potential drops to below 1 Tcf. The



five identified Texas
$4.50 per Mcf). If t
4% being 10 square mi
to be economically re
together these two ar

8. Reinjection
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' fairways, on their own, will produce 0.01 Tcf (at
%e-fault blocks in Louisiana are small with only
les or larger, the 5 Tcf in Louisiana now estimated
coverable at $4.50/Mcf may drop: to 0.2 Tcf. Thus,
eas would provide about 0.3 Tcf. B

Into the Producing Aquifer

Should the
ing reservoir, the ec
reinjection into the
reach $0.15 to $0.20°
methane content, even

would make all of the

produced water need to be reinjected into the. produc-
onomics of recovery would be severely impaired. For
original reservoir, at 6,000 psi, operating costs could
per‘barre],.depénding on fuel costs. -The minimum required
at $4.50/Mcf, would be over 70 cubic feet/barrel, and
above identified prospects uneconomic.y
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V. SUMMARY OF THE R&D STRATEGY AND ITS POTENTIAL

This final section of Part 1.summarizes the major R&D goals,
the production benefits, the costs, and cost-effectiveness of a successful
program. Part 2 of this chapter will provide the details of the proposed
program.

A. The Research and Development Goals

o Establish the economic sensitivity of production for a
wide range of parameters to define the critical bounds.

e Estimate the anticipated distribution of reservoir sizes
from geological and analog studies.

e Confirm by drilling and comp]etibn the extent of reservoir
continuity.

e Determine the water salinities, pressure gradients, and
water temperatures in these reservoirs, as well as the
quantities of methane dissolved per barrel of water.

e Determine the optimum manner for the disposal or reinjec-
tion of the produced fluids.

e Define any potential well completion and production prob-
lems due to sand production and corrosion, and secure
technical contributions in these problem areas from
industry and service companies.

e Develop highly efficient methane extraction facilities..



B. Production Benef
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its

The produc
recovery. Given the
mates are made for c

tion benefits are only stated in terms of ultimate
speculative nature of the resource base, no esti-
umuiative recovery or production rates.

Price Per Mcf
$1.75 $3.00 $4.50

Ultimate Recovery (Tcf) - 1 5

'(Future work may identify new producing horizons to increase

this potential.)

C. R&D Costs

The -research program costs “for the methane recovery from geo-
pressured aquifers programs are as follows: !

Program Costs (in millions)
5 Year Total (including FY 78)

Total $36.2 $42.6

ERDA

. $36.2 - $42.6
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D. Cost-Effectiveness

The long-term cost-effectiveness measures of yield per ERDA
dollar (Ultimate Recovery in Mcf/Total ERDA 5 Year Costs) at three prices
are:

Price Per Mcf
$1.75 $3.00 '$4.50

N Ultimate Recovery (Tcf) - 30 140

E. Summary

From these summary sensitivity analyses, it is evident that
considerable uncertainty exists regarding the potential of geopressured
aquifers for contributing to the nation's energy supply. This uncer-
tainty can only be resolved by using R&D to define the geological value
and extent of this resource base. It is clear, however, that the early
estimates of hundreds of years of supply are grossly exaggerated. The
next section provides an overview of a strategy for resolving these
central uncertainties.
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RESEARCH AND DEVELOPMENT STRATEGY FOR METHANE FROM GEOPRESSURED AQUIFERS

‘ The research and. development strategy for methane from geopressufed
aquifers consists of one program:
e Ascertain Reservoir Size, Methane Content, and
" Well Production Technology - R

/
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TARGET: Methane from Geopressured Aquifers

R&D STRATEGY: Ascertain Reservoir Size, Methane Content, and
Well Production Technology

1. Central Problem

It has been postulated that the geopressured thermal zones under-
lying the Gulf of Mexico and coastal areas of Texas and Louisiana contain
‘large aquifers characterized by high temperatures and extremely high pres-
sures. Should high concentrations of methane be dissolved in these waters
.and the methane bearing water be produced and disposed of economically,
these aquifers could produce substantial quantities of methane.

Thus, the exploitation of this resource depends on two essential

geological conditions:

e Continuous reservoirs of considerable size, 3 billion
barrels of water in place and larger, with sufficient
millidarcy feet to maintain high rate of natural pro-
duction -- on the order of 40,000 B/D initially.

e A high content of methane which in turn requires fresh
water, elevated temperatures, and high pressures.

Successful exploitation also depends on the resolution of leasing
and ownership questions and environmental issues relating to subsidence,
reinjection of water, and impacts of possible blowouts.



}/

The princi
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pa]Ateehnical issue is sand control, especially if

the geopressured aqu1fers rock is found to be unconsolidated sand-

stone.

These condjtions‘-- reservoir size, methane content, and disposal/

reinjection -- a]ongiwith the technical challenge of sand control and the

‘legal issue of ownership will determine the economic feas1b111ty of produc-
~ing methane from geopressured aqu1fers

The orob]em is that too 11tt1e is known to define the resource with

any s1gn1f1cant degree of cred1b111ty The thrust of this R&D strategy is

to continue evaluati

bn and proaect1on of the potent1a1 wh11e collecting the

information requ1red to make these est1mates more prec1se

b
!

2. Scope of the Effprt

|

The recove%y of methane from geopressured aquifers would be directed

to the Gulf Coast regions of Texas, Louisiana, and Mississippi. The target
would be the Tertiary (Frio and.Wilcox) age formations in Texas:and the
Miocene and Upper Cretaceous formations in Louisiana and Mississippi.

3. R&D Goals

e Establish

the economic sensitivity of production for

a wide range of parameters to define ihe‘critjcal

bounds.

o Estimate the anticipated distribution of reservoir

- sizes from geologic and analog studies.
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e Confirm by drilling and completion the reservoir
continuity.

e Determine the water salinities, pressure gradients,
and water temperatures in these reservoirs as well
‘as the quantities of methane dissolved per barrel
of water.

e Determine the optimum manner for the disposal or
reinjection of the produced fluids.

e Define any potential well comp]etion and prbductipn
problems due to sand production and corrosion, and
. secure technical contributions in these problem |
areas from industry and service companies.

e Develop high efficiency methane extraction facilities.

4, R&D Activities

The sequence of activities required to reach these R&D goals is
as follows:

e Task 1 - Complete detailed geological studies to
estimate expected reservoir size and geometry
distributions. Determine optimum locations for
test wells and wells of opportunity.



!
I
i
\
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e Task 2 - D%i]l several wells at preferred locations

to test préductiVe capacity, dissolved and associated

free gas, énd continuity of reservoirs.
|

e Task 3 - Séudy water disposal issues, and where pos-

sible evalq
i

ate potential of subsidence.

. | . .
e Task 4 - CQnduct detailed cost analysis and prepare
detailed r%servoir engineering predictions to pinpoint
estimated cost of production.

e Task 5 - Sh
favorable,
completion

5. Manpower and-Fiel

ould the above results continue to be
develop appropriate technologies for well
and methane extraction. '

d Test Requirements

Considerabl
completing detailed g

e manpower will be devoted in the initial years toward
eological study (see Exhibit 1). As this information

is gathered, the manpower efforts will shift toward improving the diagnostic

capacity to complemen

t the test well and demonstration program.

Ten test we1ls'are proposed. The first five would be placed in the

currently identified
the Other Brazoria Fa
18,000-19,000 foot in

higher potential prospects (in Texas, the Austin Bayou and
irways and in Louisiana, the 17,000-18,000 foot and the
tervals): the second five would be reserved for other




EXHIBIT 1
TOTAL PROJECT/MANPOWER REQUIREMENTS

TARGET: Methane From Geopressured Aquifers

R&D ACTIVITIES (Physical Units)

) ) 5-Yea
Strateqy Elenents (V18 M mm BB Rs2 e Tow Tewsy
1. Resource Characterization and Appraisal (man-years)
e Detailed Res. £ng. and Cost Studies {5) 3 3 (8)
e Size, Continuity and Content of Geopressured Sources (5) 5 3 8 (13)
¢ Basic Geologic Support {1 3 2 | 1 1 1 8 (9)
® Laboratory Support (3) 2 3 3 8 (1)
2. Tlmproved Diagnostic Tools and Methods (man-years)
e Well Completions 2 5 5 2 2 16 (16}
e Stripping 2 5 5 -1 1 14 (14)
3. field-Based Research, Development, and Demonstration (tests)
o Test Wells 2 2 2 2 2 10 (10)
e Demonstration (1) ] 1 2 (3)
4. Technology Transfer (man-years) 1 1 1 2 5 (5)

09-9



prospects such as the
Louisiana, but would
~set is well underway.

= Assuming fa
demonstrations, in ad
prove the potential.

6. R&D Costs

The researc
estimated from the fg
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Uppér Cretaceous, TUscaJoOsa sands of central
not be committed unti] advanced study of the first

vorable response from fhe test wells, two major
dition to the one in FY 78, should be sufficient to

h, deve]opment, and demonstrat1on costs have been
1lowing:

e A fully supported professional man-year costs
$100,000.

e A test well costs $4,000,000 to drill, complete,
and test. '

® A demonstration project, requiring the test well
to operate over a longer period of time, will cost
$5,000 QOO

. These costs

will be borne by ERDA.

are d1sp1ayed in Exhibit 2. A1l costs of this program



EXHIBIT 2

TARGET: Methane From Geopressured Aquifers

‘ TOTAL PROGRAM AND ERDA COSTS

R&D ACTIVITIES (Thousands of Dollars)

5-Year (Strategy

§_t;_@g§e_gL_E_] ements (Fy 78) FY 79 FY 80 FY 81 FY 82 FY 83 Total Total)
1. Resource Characterization and Appraisal
e Detailed Res. Eng. and Cost Studies (500) 300 ‘ 300 (800)
e Size, Continuity and Content of Geopressured Sources {500) 500 300 800 (1,300)
e Basi. Geologic Support (100) 300 200 100 100 100- 800 (900)
e Llaboratory Support (300). 200 300 300 — _— 800 - {1,100)
SUBTOTAL (1,400) 1,300 800 400 100 100 2,700 (4,100)
2. Improved Diagnostic Tools and Methods
s Well Completions 200 500 500 200 200 1,600 - . (1,600)
e Stripping 200 500 500 100 100 1,400 (1,400)
SUBTOTAL . 400 1,000 1,000 300 » 300 3,000 4(3,000)
3. Field-Based Research, Development, and Demonstration
o Test Hells 4,000 4,000 4,000 4,000 4,000 20,000 (20,000)
e Demonstration (5,000 - 5,000 5,000 10,000 - (15,000)
SUBTOTAL (5,000) 4,000 9,000 4,000 9,000 4,000 30,000 (35,000)
4, Technology Transfer
100 100 100 200 500 (500)
TOTAL AND ERDA COST: ‘ 16,400) 5,700 10,900 5,500 9,500 4,600 36,200 (42,600)

29-9



7. Production Benefi

ts
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The anticipated production benefits from a successful research
and development program .for Geopressured Aquifefs (at‘$3.00 and $4.50 per

Mcf) are:

e Ultimate Recovery

e Production Rate in:
1985
1990
1995
2000|

e Cumulative Producti
1985
1990
1995
2000

Base Case

-

Aftér SuccessfuT R&D

... Due to R&D

1

Not Available

Not Avai]ab]e

5

(03$3.00/Mcf) (@$4.50/Mcf) (@$3.00/Mcf) (@$4.50/Mcf)

1 5

v Not Available

Not Available
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8. Benefits and Costs

The key cost-effectiveness measures for producing methane from
- Geopressured Aquifers (at $3.00 and $4.50 per Mcf) are:

Value
Cost-Effectiveness Measures (Mcf/$)

(@ $3.00/Mcf) (@ $4.50/Mcf)

e Long Term Measure: 30 : 140
Ultimate Recovery/ERDA
5-Year Costs
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