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METHODS IN CURRENT USE FOR RESOURCE ESTIMATION

For this assgssﬁenf it is appropriate to review three major published resource
estimates and to review the differences between them. These estimates are bj the
U.S. Geological Survey (USGS), as published in Circular 860 with a draft 1988
update. the Minerals Management Service (MMS) for the Outer Continental Shelf
(OCS). and the Potential Gas Committee (PGC) of the Potential Gas Agency,

Colorado School of Mines.
Methodology of the U.S. Geological Survey

The most recent published estimate by the USGS of "undiscovered recoverable
conventional resources of crude oil and natural gas in the United Stat‘es" is Circular
860 (Dolton and others, 1981). The estin{ates are based on work done by the USGS
in 1980. Updated resource estimates prep‘ared by the USGS and the MMS are now
(1988) in review. These updated data: were available to this assessment in a
preliminary, or draft, format.

Estimates in Circular 860 are for those undiscovered resources recoverable at the
prices and costs current at the time of the appraisal and under the "technological
trends” of 1980. Not included in the estimates are any "new pay zones or
extensions of existing fields” or any gas f‘rom unconventional resources such as "low
permeability ‘tight’ reservoirs.” Inferred reserves, reported separately, capture that part
of the identified economic resource thaf‘ will be added to known fields through
extensions, revisions, or new pay zones. This is, in effect, historical field development
practice. |

The USGS subdivided the United States into 15 regions that include 137 .
provinces (80 onshore, 57 offshore). The assessments are on the basis of "analysis
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and review of the province petroleum geology. exploration history, finding-rate studies,
and structural analyses.” The basic app;roach. however.v was a modified Delphi
process in whiCh experts discuss and individually determine a resource assessment
based on a common body of data on each province. The separate subjective
probability assessments are combined to prdduce a consensus average assessment for
each province. A previous USGS assessment of the Permian Basin relied on historical
performance trends and produced a smaller undiscovered re‘source estimate than was
published later by .the same group (Dolton and others, 1981) using a combination of
methods and the modified Delphi process.

The main analytical methods used for the 1981 USGS study were volumetric-yield
analyses and finding-rate studies. Volumetric-yield analyses were used to obtain
scaling factors for application to the assessed provinces. Yields were based on basin
analogs, structural analogs, and stratigraphic analogs: and high., low, and average
yields were applied as scaling factors with or without geologic analogs. The finding-
rate studies., which were used for some provinces, assumed a continuation of historical
trends of discovery on the basis of the statistical relationship between exploration
footage drilled in the past and amounts of hydrocarbons discovered.

The final estimates of resources for a region were obtained using a Monte Carlo
“technique to aggregate probability distributions for the provinces within the region.
Probability distributions are based on aséumptions of the likelihood of recoverable
resources being present, the marginal proBabiIity. and assumptions of the amount of
recoverable resources present (minimufn amount: 95-percent probability; most likely
amount: modal estimate; and greatest likely amount: 5-percent probability).

The 1988 preliminary onshore resourcé estimates of the USGS rely on different

methods than did the earlier estimate. The USGS used a play-based procedure for



approximately 250 total plays.. The distribution of known fields in a play or in an
analog play was used as a guide to predict the size distribution of the undiscovered
fields. The undiscovered field numbers distjribution was estimated independently from
the field size distribution. Risk factors were applied in order to get a forward con-
struction of the ultimate field size distribution in a play. This allowed a projection of
undiscovered fields, their expected size distribution, and thus undiscovered resource.
The new USGS estimates reflect current recovery efficiencies based on the sizes of the
analog fields used in making the estimates. Undiscovered field sizes were increased to
cover historical growth related to the continued growth in the known or analog fields.

Recovery efficiencies in the Circular 860 estimates were not specified.
Methodology of the Minerals Management Service

The MMS was formed in 1982 to manage mineral and energy resources on the
OCS. The MMS has responsibilities (1) fo estimate the technologically and economi-
cally recoverable undiscovered petroleum energy resources of the OCS; (2) to analyze
economic and engineering parameters for assessing environmental impacts and deter-
mining appropriate lease values; and (3) ito conduct cost-benefit studies of leasing
alternatives. Important requirements of MMS resource assessment approach ‘include
(1) flexibility in allowing leases to be included or deleted from sales: (2) flexfbility in
allowing various levels of knowledge of specific areas. leases, or prospects; and (3) re-
producibility in allowing information to be added as it becomes available. MMS
capabilities include access to industry data, as well as data MMS itself has collected
in the evaluation of offshore areas.

The MMS uses a computer model called PRESTO (Probabilistic Resource

Estimates-Offshore) for resource evaluation. Cooke (1985) described in detail the



MMS ‘m'ethodology, which is summarized bélow. The PRESTO model provides basin,
prospect, or zone evaluation by means of a mathematical representation of an area
‘having petroleum potential. Judgments afe made in the evaluation of each variable
going into the mathematical model (Cooke. 1985).. PRESTO incérporates Monte Carlo
simulation of ranges of values for variables, risk analysis, and economics.

The PRESTO model enables the evaluator to describe a mathematical model of
each identified geologic prospect. Input values are used to define each prospect’s
mathematical model. Resource estimates for each prospect are derived using a volu-
metric formula. The following variables are needed: areal extent (acres), zone pay
thickness (ft), oil recovery factor (STB/acré—ft), oil proportion of pay, solution gas-to-
oil ratio (standard cubic ft/STB) gas recovery factor (Mcf/acre-ft). and condensate
yield (STB/MMcf). PRESTO incorporates all relevant available data to derive
estimates of undiscovered economically recoverable resources expressed as a range of
values, representing all perceived outcomes. Single-point values or, more commonly,
ranges of input values that define the physical properties of an area are used by
PRESTO in equations to calculate volumes of oil, gas, and condensate. In PRESTO,
each variéble can be represented by either a fixed value or one of several distributions
of values. To solve the equation, one poi‘nt‘ is randomly selected from the distribution
of values for each variable‘ during a Monté Carlo simulation. The Monte Carlo simu-
lation is one element of PRESTO used to address the uncertainty reflected in ranges
of input values.

A Monte Carlo simulation yields a single solution and represents one possible
state of nature. Numerous triéls are run using randomly selected values from the dis-
tribution of values for each variable. Thijs; process is repeated using the new values

until a distribution of solutions has been adequately covered.



Risk analysis is incorporated in the PR?ESTO model with a three-level risk hierar-
chy at the basin, prospect, and zone levels: The risking procedure determines which
prospects or zones are simulated as productive or dry for each Monte Carlo run.
PRESTO calculates the quantities of oil and gas resources that may be found and
developed, given the condition that economically recoverable accumulations of
hydrocarbons are present. Single-point values for individual prospect-dry risks and
basin- (or area-) dry risks are used to calculate ‘conditional dry-prospect risks for each
prospect.

If a prospect is found to be hydrocarbon-bearing on a Monte Carlo run, PRESTO
will calculate the resources for that prospect on that trial. Economic considerations
dictate whether or not the prospect’'s resources warrant development. Estimates of
minimumleconomic field size are derived using another MMS computer model-
-MONTCAR. MONTCAR is used to compute the smallest field that would yield a
prescribed minimum rate of return under the imposed conditions of positive net worth.

A PRESTO trial or model run simulétes an exploratory drilling program for the
area of study. On each run every prospect is “drilled” and if hydrocarbons are
" discovered” the amount of resources discovered is calculated. A PRESTO run typi-
cally has from 2,000 to 5,000 trials, yielding a large number of possible outcomes.
PRESTO calculates the conditional resource estimate, that is, how much resource may
be found and developed given the presencé of economically recoverable accumulations
in the area.

" The primary outputs of PRESTO are (1) the conditional 95 percent, 5 percent,
and mean resource estimated for oil and gas: (2) the corresponding probability of eco-
nomically recoverable accumulations of hgldrocarbons existing in the area; and (3) a
percentile table showing 99th percentile for all components including barrels of oil

equivalent. PRESTO does not compute risked distributions. If a well is drilled and



resources are discovered, the conditionalj estimate indicates the amount actually
expected.
Preliminary MMS resource estimates made in 1988 represent an update of those

~ published in 1985.
Methodology of the Potential Gas Committee

The PGC attempts to estimate the total natural gas resource that could be
developed in the United States without régardrto “the time of development of the
natural gas resource, the life span of the natural gas_industry, or the specific price to
be paid for the produced gas.” The PGC may be less conservative than the USGS
in that the PGC includes gas that will be recoverable in the future as a result of
the application of "foreseeable” technology. Both the 1981 USGS process and the
PGC process rely on expert opinions, a Delphi process, and both attempt to sufﬁcient-
ly codify the assessment methods to prodl;ce uniformity in the results obtained from a
large number of experts. |

The PGC has divided the United States into 122 provinces that in the Lower 48
states correspond closely to the geologic province boundaries established by the AAPG
Committee on Statistics of Drilling. These boundaries do not correspond to the
provinces used by the USGS or to the ge§graphic areas used by the Energy Informa-
tion Administration (EIA). |

The PGC has three categories of "potential supply”: probable, possible, and spec-
ulative resources. Probable resources are gas estimated to exist in known fields that
has not been confirmed. They include extensions of known pools and expected new
pool discoveries either in known reservoiré or from shallower or deeper horizons that
are pfod_uctive elsewhere. They are thus comparable to USGS-MMS inferred reserves.

Possible resources are from outside known fields but are estimated on the basis of



the presence of productive formations in a 1productive province. Speculative resources
are estimated for new pool or new field /discoveries to be made in formations or
basins that are not now productive but have potential to be productive based on geo-
logic analogs.

PGC estimates are updated every two years. The most recent estimate was
published in 1987. The expert estimators are asked to consider each prospective area
in terms of the presence or absence of various factors that control known gas
occurrences. Estimates of the volume of pptential gas reservoirs or numbers and sizes
of potential new fields and pools are multi‘plied by a yield factor, which_is bésed on
the amount of gas a given unit volume of rock is expected to produce, and by the
estimate of the probability that the trap actually exists and, given that a trap exists,
the probability that the gas accumulation actually exists. A maximum estimate is
made on the basis of an assumed 10—perce‘nt probability that all factors present favor
maximum resource occurrence; a minimum estimate is made on the basis of an
assumed 90-percent probability that all facfors present favor at least the minimum re-
source occurrence; and a most likely amount is similarly estimated. These estimation
techniques are somewhat modified to fit data available from each prospective area and

to be compatible with the three categories of potential supply.
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RESERVE GROWTH ON NONASS\OCIATED GAS RESERVOIRS
|

Introducj:tion

Current proceddres for reserve estimation underrepresent reserve growth in
existing fields that could be tapped thr;:ough a geologieally' directed infill ‘and
recomoletion program. A typical‘ 64(‘)-acre{ spacing for nonassocieted gas reservoirs
leaves reservoir pockets in rncomplete.eommunication or totally isolated from
producmg wells. This section describes both the megnitude of the resource potential'
and the methodology used to quantlfy extended reserve growth in nonassoaated gas
reservoirs (table 1). Resource potential within existing gas fields was analyzed for
the fo‘IIowing regrons: Rocky Mountain, GuflfdMesozoic, Gulf Cenozoie. Permian. and
Midcontinent (Oklahoma data were treated ;separately). Together these regions repre-
sent approximately 90 percent of proved gas reserves (Energy Information Administra-
tion [EIA]. 1987) exclusive of Alaska and offshore areas (flgure 1). The percentage
‘of the nation’s estimated ultimate recovery is more difficult to estimate aceurately

[
1

because of the variable quality of‘records df_cumulative production. For this reason
we extrapolated summed regional totals of nonassociated gas resourees to national
totals using the national and statewide res;erve data from EIA (1987).

Extended reserve growth in nonassoc1ated gas reservoirs was quantified on the
basis of a reservoir-scale reserve growth factor structural complexity, conventional
versus‘low-permeability productron. and c‘urrentvwell spacing. The reserve growth
factor is applied at the play level to allﬁfields and reservoirs in that play. The
widespread availability of this resource through infill and recompletion drilling is
underscored by the ‘dpredominance of gas rieservoirs at 640- to 320-acre spacing.- >In

the regions studied, 80 to 95 percent of production from nonassociated gas reservoirs

is fronﬁ fields with 640- to 320-acre spacing.
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. 1200 400 mi

200 400 - 600 km

Figure 1. Nonassociated gas ’reso’urce!l
~ light stipple pattern. The regions included Gulf Cenozoic. Gulf Mesozoic,

" Permian, Midcontinent, and Rocky Mountain.

of the nation's proved gas reserves.

|
i
|
!

was analyzed by play in regions ou‘tlined in
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The nonassociated advanced gas‘reso;urce, available through extended reserve
growth, for the five regions totals 95.56 Tcf. On the basis of appraisal of 90
percent of the nation’s reserves, this impiies a national advanced gas recovery re-
source of about 105 Tcf. This resource does not include any advanced reserve
growth considered for the offshore area because of the economics dictated by

production and drilling platforms.
Methodology of Advanced Gas Resource Estimation

This evaluation of nonassociated advanced gas resource is based on application
of reserve growth factors to consistent patterns of geologic complexity within a play.
The amount of advanced gas resource (AGR) that could be captured through geologi-
cally directed infill drilling is calculated for each play by multiplying conventional
estimated ultimate recovery (EUR) by the reserve growth factor of that geologic play.
The regional AGR is the EUR-weighted sﬁm of the AGR from all plays in the region.

A play-oriented data base was developed for each region on the basis of The
Significant Oil and Gas Fields of the Un;ited States (NRG Associates. 1985). All
production and reserve data were tabulated through 1985. A play is defined as a
group of fields and reservoirs sharing related characteristics and location. NRG
Associates (1985) uses cluster as a substitute for play. The defining characteristics
of each play are producing formation, Iithblogy. depositional environment, trap type,
type of hydrocarbon produced. and location of the fields. Information added to the
data base at the play level included reserve growth factor, depositional system, well
spacing, drive mechanism, weighted averaée depth, play acreage, low-permeability gas
production, and advanced gas resource component. Geologic data were compiled only

on the major producing formation within a play. These fields were the most
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nroductive ﬁelds'within a play and constituted an average of 60 pereent of the total
number of fields in the play. In total, geiologic data were compiled for 334 plays,
which included more than 10.000 fields. } |

Reserve growth factors applied at the play level fell into a three—fold drstrlbutlon
- low, medium, and high heterogeneity. ICF-Lewrn Energy (appendix 3) performed eco-
nomic analysis on ﬁeld size distributions wrthln each heterogeneity range. Field size,
: drstrlbutlons were binned within 2,500-ft depth slices for each of the three reserve 1
growth factors. . Although NRG field data are not segregated on the basis of
assocrated and nonassoaated we analyzed a population of "nonassociated” fields
based on a GOR of 3000 1 or greater barrel oil ratio of conventronal EUR.
Generally, fields with this ratio will have a free gas cap based on the solubility of
gas in oil adjusted for depth (C. Hocott, -1988. personal communication). .

k Data integrating information on- play, neserve. and production data for Oklahoma
‘were unavailable at the time of this study.'i although play and cumulative prdductidn
data were availab‘le separately. The nature of Oklahoma data required a separate
analysis to develep an AGR component fdr that state. Reserve data for 1986 were
calculated on the basis of the average R/P ratio of 10.5 during 1983 1984, and
1985 (Hugman and Vidas, 1988). This RAP ratlolrncludes some unknown amount of
production shut in during that period. Reserve ‘grOWth factors were calculated for
each play, but data for total EUR for each play were unavailable. Thus. a statewrde
average reserve growth factor was calculated. This differs from the growth factor
calculated for the other regions, which had EUR available fdr each play. "Thus.vfor
the regions exclusive of Oklahoma, a welghted average growth factor was calculated.
Oklahoma statewrde total EUR was calculated from state cumulative production and

‘reserves. Statewrde AGR was calculated‘ on the basis of average reserve growth

factor and statewide EUR‘..
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The two key componentg of the ané;lysis of gas reserve growth are reserve
growth ‘factor and. well spacing. Developmént‘ofi reserve growth factors from reser-
‘;loir: heterogeneity is described in the Sectic:m titled Explanation of Project Apbroach
- to Reservoir Heterogeneity, and well spacing is i‘discussed in the following section. .
'Nonassoci'a‘ted gas reserve growth is descfibed for each regioh in the section titled
Nonassociated Advanced Gas Resource's,»ajnb_d additional supporting data based on
. case »studies" of signiﬁcant.gas reservoirs are in the section titled Heterogeneity ,in‘

Gas Reservoirs.
Well Spacing

The primary means of overcoming‘ Iow:1 recovery efficiencies resulting from reser-
voir heterogeneity is to increase the densijty of producing wells to below the mean
lateral extent of heterogeneity. C‘Iearly, aj:ssociated fields drilled at 20-acre spacing
would have a very low reserve growth _fact%)r because most of the reservoir heteroge-
neity would havé been captured by the der;s'e well ‘spacing. Although many oil fields
have a 40—acre"or less oil well spraci’ng. most of thg large nonaé'sociated gas fields
currently are drilled at 640-acre spacing. According to the EIA (1987). 83 percent of
the proved gas reﬁeryes in-the U.S. e)éc,lusive of Alaska are in honassociated :
reservoirs. Well-spacing data from t'he'fi;ve examined regions were tabulated as of
1977 to determfne nonassociated gas well .jspacing. Table 19 showé active well spéc—
ing for nonassociated fields in Texas, Wyojming. ‘and Kansas as of 1977. These data
reveal that 80‘ to 94 perceﬁt of both the inumber of fields and the productfon from
nonassociated gas fields ére at spacings ojf_640 or‘ 320 acres; About two-thirds of
the fields are at 640-acre spacing. In Téx.as. all ‘large ‘(>30 Bcf) nonassociated gas

reservoirs have been surveyed (Kosters and others, in preparation). Ninety-two

percent of these large reservoirs have spaéing at 640 to 320 acres, with 94 percent

1‘7



i

i
\
|
\
\
\

Table 19. The distribution of 1977 well spacing in Texas, Kansas. and Wyoming.

. Production is predominantly from fields at 640- to 320-acre spacing. Currently,
most production from the Hugoton Field in Texas, Oklahoma, and Kansas also
is at 640-acre spacing. '

TEXAS - 92% of -large (>30 Bcf) Nor%-a‘ssociated Reservoirs at 640 to 320 well spécing
. 94% of Cum. Production of jlarge (>30 Bcf) Non-associated Reservoirs at N
640 to 320 acre spacing |
. 66% 1s at 640 acregbspacing.
* 28% is at 320 acre spacing
e 4% is at 160 acre? spacing

* 2% is <= 80 acre sjpacing

KAN 85% of 1986 Cum. Productipn from 640 acre spacing

80% of 1986 Annual Production from 640 acre spacing
e Hugoton Field at 640 acre spacing

| | | | |
WYOMING ¢ 246 Non-associated Gas Reservoirs

: L
* 73% at 640 acre spacing
* 13%  at 320 acre spacing
* 13% at 160 acre spacing

1 ‘
* 1% at 80 acre spacing

| o
_ } RERET:
-



of the production at the same spacing. Sig(ty-six percent of the production is from
the large reservoirs with spacing of 640 acres, and 28 percent have spacing of 320
acres. Only 2 percent of the production was from reservoirs at 80 acres or less. In
Kansas. 85 percent of the cumulative production was from fields on 640-acre spacing.
In Wyoming, 73 percent of the nonassociated gas fields were at 640-acre spacing and
13 percent were at 320 acres. Only 1 percent of the Wyoming fields were at
80-acre spacing or less. These data thus indicate that historical probable
resource/inferred reserve estimates do not incorporate any significant component of
gas derived from infill drilling. This is because these estimates are based on data
series that ended in 1979 as formerly produced by the American Gas Association and

the American Petroleum Institute.
Nonassociated Advanced Gas Resource

The nonassociated advanced gas resource (AGR). available through extended
resérve growth, is tabulated for each region in table 20. In addition to AGR, con-
ventional estimated ultimate recovery and proved reserves also are calculated. EUR
is from The Significant Oil and Gas Fields of the United States (NRG Associates,
1985) and consists of fields greater than 1 million barrels of oil equivalent (boe).
Nonassociated gas reserves are summed from individual state totals from the EIA
(1987). The same data in table 20 are displayed graphically in figures 2 to 7. The
data on gas reserves and resources are displayed on a common scale in‘figure 2 to
facilitate comparison of reserves and resources among the regions. The AGR is re-
blated to EUR by the play-average weighted reserve growth factors. The reserve
growth factors for each region are shown in figure 8. Note that for the

Midcontinent region. including Oklahoma, the reserve growth factors are averaged and
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Table 20. Conventional estimated ultimate recovery (EUR), advanced gas resource
(AGR). and proved reserves for nonassociated gas by region. Midcontinent
region includes Oklahoma data, which was analyzed using averaged heterogeneity

factors. :
EST. ADVANCED
REGION ULTIMATE GAS PROVED
RECOVERY RESOURCES RESERVES
(Tcf) (Tef) (Tcf)

GULF CENOZOIC 233.06 25.58 20.17

GULF MESOZOIC 63.77 12.48 11.30

PERMIAN 73.70 15.54 8.97
MIDCONTINENT 151.48 31.18 43.11

ROCKY 51.02 10.78 24.90

TOTAL 572.93 95.56 108.45

20



NONASSOCIATED GAS RESOURCES

250

ESTIMATED ULTIMATE RECOVERY
M ADVANCED GAS RESOURCES .
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REGION

Figure 2. Nonassociated gas resources including estimated ultimate recovery (EUR),
advanced gas resources (AGR), and proved reserves for the five major gas-

producing regions.

21



NONASSOCIATED GAS RESOURCES

300
- _ B3 ESTIMATED ULTIMATE RECOVERY
] - [ ADVANCED GAS RECOVERY
250 — [ PROVEDRESERVES -
200 1
S ]
t . -
150
w -
g . -
o -
100
50
] I Z#
: ~ GULFCEN ’
| :

' REGION

Figure 3. Nonassociated gas resources in Gulf Cenozoic region.
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Nonassociated gas resources in Gulf Mesozoic region.
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Figure 5. Nonassociated gas resources in Permian region.
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Figure 6. Nonassociated gas resources in Midcontinent region.
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Figure 7. Nonassociated gas resources in Rocky Mountain region.
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- REGION

CONVENTIONAL AND LOW PERMEABILITY
RESERVE GROWTH FACTORS

ROCKY .

MIDCON

PERMIAN CONVENTIONAL

[ LOW PERMEABILITY
GULF MES
GULF CEN
v 1 ¥ T T
0.0 0.1 0.2 0.3

RESERVE GROWTH FACTOR

Figure 8. Regional play-weighted reserve growth factors for the five regions.
Reserve growth factors are segregrated into low-permeability and conventional
plays. Note the characteristic higher reserve growth associated with low-
permeability plays. None of the plays in Midcontinent region have predominantly
low permeability. The reserve growth factor for Midcontinent region is a simple
average of all plays and thus is not weighted by the EUR of each play as are

" the other regions.
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not weighted because EUR totals were unavailable on a play-by-play basis.

Reserve growth factors vary among regions by a factor of almost 2. Higher
reserve growth factors are associated with Midcontinent and Permian regions,
reflecting the dominance of heterogeneous carbonate reservoirs in those regions. In
contrast, the Gulf Cenozoic region has relatively low reserve growth potential,
reflecting the relatively simple clastic systems dominated by wave-dominated and
modified deltas and barrier shoreface systems. Reserve growth factors for
low-permeability (“tight”) gas plays also are shown in figure 8. The greater geologic
complexity of low-permeability gas plays is evident.

Economic analysis of the availability of the resource is affected by the depth of
the resource. One component of the economic analysis required an understanding of
the field size distribution by depth. Tables 21 to 24 summarize the depth distribu-
tion of the nonassociated gas resource for each region. Graphical representation of
the depth distribution is illustrated for each region in figures 9 to 18. One signifi-
cant pattern repeated for each region is the concentration of total resource, both
EUR and AGR, at shallower depth classes for the high reserve growth factors
compared with those for the lower reserve growth factors. This highlights the favor-
able economics associated with recovery by infill and recompletion techniques in older

fields with large potential advanced gas reserves.
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Table 21. Depth distribution of nonassociated gas in 2,500-ft depth slices for fields
in high, medium, and low reserve growth classes in Gulf Cenozoic region.

DEPTH BIN (ft)

2500
5000
7500
10000
12500
15000
17500
20000
22500

DEPTH BIN (ft)

2500
5000
7500
10000
12500
15000
17500
20000

DEPTH BIN (ft)

2500
5000
7500
10000
12500
15000
17500
20000

NOFIELDS

19
60
49
78
44
11

NO. FIELDS

54
163
414
425
193

39

16

8

NO. FIELDS

82
128
105
193
161

49

6
1

AREA (acres)

38660
218290
1177460
203756
139532
19080
1160

0

2560

AREA (acres)

98980
388520
992200
620290
281200

44990..

13160
19780

AREA (acres)

185360
252060
245640
348630
283261
46960
3300

0
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HIGH
EUR (Tcf)

0.284
4.578
7.367
5.152
3.706
0.531
0.046
0.000
0.009

MED
EUR (Tcf)

4.101
19.715
58.634
29.656
24.412

4.497

1.537

1.306

LOW
EUR (Tcf)

2.426
9.659
14.495
22.986
22.249
3.958
0.389
0.012

AGR (Tcf)

0.058
0.980
1.650
1.219
0.799
0.107
0.010
0.000
0.002

AGR (Tcf)

0.663
2.986
8.051
4.135
3.298
0.578
0.208
0.157

AGR (Tcf)

0.111
0.123
0.383
0.819
0.967
0.209
0.018
0.000

EUR+AGR (Tcf)

0.343
5.558
9.017
6.371
4.505
0.638
0.056
0.000
0.011

EUR+AGR (Tcf)

4.764
22.701
66.685
33.791
27.711

5.075

1.745

1.463

EUR+AGR (Tcf)

2.537
9.782
14.878
23.804
23.216
4.167
0.407
0.012



Table 22. Depth distribution of nonassocuated gas in 2,500- ft depth slices for fields
in high, medium, and low reserve growth classes in Gulf Mesozonc region.

| HIGH.
DEPTHBIN () NOFIELDS  AREA (acres)  EUR (Tcf) AGR (Tcfy  EUR+AGR (Tcf)

2500 | 4 281290 7.631 1.906 - 9.538

1
2 5000 ;8 320600 9.960 - 1.992 11.952
3 7500 107 754670 14.935 3.241 . 18.176
4 10000 ‘ 114 . 697832 “11.645 2.468 14.113
5 12500 53 296450 3.248 0.652 3.900
6 15000 17 40120 0.431. 0.087 0.518
7 17500 13 28403 0.534 0.117 0.651
8 20000 : 7 . 38340 0.705 0.155 0.861
9 22500 3 3840 0.309 0.068 0.377
10 25000 1 1280 0.037 0.008 0.046
MED:
DEPTH BIN (ft) NO.FIELDS  AREA (acres) EUR (Tcf) . AGR (Tcf) EUR+AGR (Tcf)
1 2500 15 63520 0.406 0.070 0.476
2 5000 24 126840 1.218 0.161 1.379
3 7500 27 95870 1.905 0.222 - 2.127
4 10000 .28 61625 2.680 0.461 3.142
5 12500 - 34 71940 1.584 0.263 o 1.847"
6 15000 ‘ 21 36910 0.696 0.127 0.823
7 17500 16 52200 . °0.846 0.152 0.999
LOW:
~ DEPTHBIN (ft) -~ NO.FIELDS  AREA (acres) EUR (Tcf) AGR (Tcf) EUR+AGR (Tcf)
1 2500 7 92792 0.801 0.059 0.860
2 5000 17 " 74030 0.888 - 0.049 - 0.936
3 7500 9 16920 0.679 0.035 0.714
4 10000 17 50024 1.406 0.097 1.503
5 12500 19 39960 ©0.480 0.034 ‘ 0.514
6 15000 3 - .3120 "~ 0.021 0.002 0.022
7 17500 4 6240 0.127 ' 0.010 0.137
8 20000 0 .0 0.000 0.000 0.000
9 1

22500 7200 0.600 : 0.048 0.648
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Table 23.  Depth distribution of nonassocnated gas in 2,500- ft depth sllces for felds
in high and medlum reserve growth classes in Permian region. o

DEPTH BIN (ft)

2500
5000
7500

12500
15000
17500
20000

122500

© O NOUTA WN =

DEPTH BIN (ft)
2500

7500
10000
12500
15000

NO s WD =

10000 -

5000 -

17500

NO. FIELDS

45
286

244"
08

71

27

19
15

8

NO. FIELDS

13
56
19
12

26

21
3

AREA (acres)

138240
856279
1956574
290086
227652
104160

46920

115880

21360

AREA (acres) -

43360
132500
17430
58240
168980
41680
11320
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HIGH
EUR (Tcf)

3.767
19.863
15.892

5.429

5.755

6.317
3.567
8.492
0.452

MED.
EUR (Tcf)

0.333
0.797
0.171
0.539
1.409
0.808
0.107

AGR (Tcf)

AGR (Tcf)

0.788
4.202
3.523
1.140
1.179
1.366
0.754
1.830
0.099

10.053

0.114

0.029
0.086

0.225

0.129
0.017

" EUR+AGR (Tcf)

 4.555
24.065
19.416
6.569
6.934
7.683
4.321
10.322
0.552

- EUR+AGR (Tcf)

0.386
0.911
0.200
0.626
1.633
0.938

0.125
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‘Table 24. FDepth distribution of nonassociated gas in 2,500-ft depth slices for fields

in high and medium reserve growth classes in Rocky Mountain region. .

| HIGH
DEPTHBIN (ff) NOFIELDS  AREA (acres) EUR (Te) ~ AGR (Tcf)  EUR+AGR (Tcf)

- 5000 | 41 1167201 7.991 1.874 9.865

1

2 7500 60 1594950 14.730 ~3.022 17.752
3 10000 72 1467053 11.922 2.656 14,578
4 12500 ‘ 43 286560 2.922 0.757 3.679
5 15000 17 182960 0.808 0.204 ’ 1.012
6 17500 o 11 43080 3.280 0.764 . 4.044
7 20000 5 17320 0.134 0.031 0.165
8 22500 - 1 640 0.018 0.005 0.023

MED.

DEPTH BINS (f)  NO.FIELDS  AREA (acres)  EUR (Tcf) AGR (Tcfy  EUR+AGR (Tcf)

2500 14 325760 ' 0.804 - 0.144 0.948
.. 5000 38 176020 1.331 0.229 , 1.561
7500 . 44 254470 ‘ 1.668 0.264 1.932
10000 Co 25 153545 2.381 0.371 2.752
12500 11 49880 1.429 0.219 1.648
15000 o 9 24230 0.491 0.074 0.565

17500 2 26800 1110 0.167 o 1.277
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GULF CENOZOIC REGION
HIGH RESERVE GROWTH FACTOR
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'Figure 9. Depth distribution of nonassociated gas resources in Gulf Cenozoic region
for high reserve growth. :
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GULF CENOZOIC REGION
MEDIUM RESERVE GROWTH FACTOR
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Figure 10. Depth distribution of nonassociated gas resources in Gulf Cenozoic region
for medium reserve growth.
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- GULF CENOZOIC REGION
LOW RESERVE GROWTH FACTOR
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Figure 11. Depth dlstnbutlon of nonassoaated gas resources in Gulf Cenozoic reglon
for low reserve growth.
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GULF MESOZOIC REGION
HIGH RESERVE GROWTH FACTOR
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Figure 12.. Depth distribution of nonassoaated gas resources in Gulf Mesozoic region
for high reserve growth.
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 GULF MESOZOIC REGION
MEDIUM RESERVE GROWTH FACTOR
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Figure 13. Depth distribution of nonassociated gas resources in Gulf Mesozoic region
for medium reserve growth.
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" GULF MESOZOIC REGION
LOW RESERVE GROWTH FACTOR
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Flgure 14. Depth distribution of nonassoaated gas resources in Gulf Mesozmc reglon
for low reserve growth. .
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PERMIAN REGION :
HIGH RESERVE GROWTH FACTOR
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Figure 15. Depth distribution of nonassociated gas resources in Permian region for
high reserve growth.
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~ PERMIAN REGION
MEDIUM RESERVE GROWTH FACTOR
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Frgure 16. . Depth dlstrlbutlon of nonassouated gas resources in Permian reglon for
medlum reserve growth :

40



'ROCKY MOUNTAIN REGION
HIGH RESERVE GROWTH FACTOR
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Figure 17. Depth distribution of nonassocnated gas resources in Rocky Mountain
region for hlgh reserve growth.
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ROCKY MOUNTAIN REGION
MEDIUM RESERVE GROWTH FACTOR
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Figure 18. Depth dlstrlbutlon of nonassocnated gas resources in Rocky Mountam
reglon for medium reserve growth. ‘ - .
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Heterogeneity in Gas Reservoirs

The Basis for Reserve Growth--

Examples from the Literature, Hearing Files,

and Research in Progress

Siliciclastic Reservoirs
Vermilion Block 16

Seal and Gilreath (1975) documented a classic example of reservoir heterogeneity
in the Vermilion Block 16 field of offshore Louisiana. Original estimates of the recov-
erable reserves in this Miocene deltaic sandstone reservoir totaled 20 to 25 Bcf.
These estimates were derived from volumetrics calculations based on assumed laterally
continuous reservoir sand bodies. Early monitoring of pressure records, however,
revealed strongly disparate pressure declines among producing wells. Two wells, for
example, completed at about the same tirﬁe and having similar structural positions.
net-sand thicknesses, and initial pressures, experienced drastically different pressure
hisfories. Whereas one exhibited an early, steep pressure decline followed by relative
stabilization suggestive of watef drive, the second exhibited a continuous, rapid decline
more typical of depletion drive (figure 19). These differences in well performance and
those observed in other wells suggested that the reservoir was not a homogeneous
system, as had been assumed. |

Careful reexamination of well log data led to the recognition of 108 distinct sand-
stone depositi‘onal units within the field. many of which were uncénnected to adjacent

units. Sandstone units were interpreted to be primarily distributary-front sand bodies
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WELL PERFORMANCE, ROB 54-H UNIT
VERMILION BLOCK 16 FIELD

‘»
Q
. i
o
o .
X 3-
N -
a 2
. B Well#1-D
14 m Well#9-D
O L] 1 T v| T
0 1 2 3

Cumulative Production (Bcf)

Figure 19. Pressure decline plots of two wells located approximately 1,000 ft apart in
the Vermilion Block 16, offshore Louisiana Miocene field. Both wells were
drilled on top of structure and have equivalent net-sand thicknesses in the
Robulus 54-H reservoir horizon. Reevaluation of well log data revealed that the
wells occupied different reservoir compartments owing to lithologic heterogeneities
produced by variations in depositional environment. After Seal and Gilreath

(1975).
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but also included channel sands and minor. reworked offshore bar sands. The study
indicated that some sandstone units in the field previously thought to represent a
single reservoir in fact constituted as many as six or seven discrete reservoirs. AI;
“though not very sophisticated, this geologic model made it possible to design a com-
pletely new exploitation strategy for the field.’based on recognition of the fact that
the field was highly compartmentalized into numerous reservoir units. Subsequent de-
velopment of the field, which was based on this revised geologic interpretation,
resulted in confirmation bf the reservoi‘r heterogeneity prediéted by the model. New
completions in downdip wells now shown to'be in separate reservoir units exhibited
pressures essentially equal to original reservoir pressure but far less than those in
nearby updip wells. In another case, a well was recompléted into a zone that had
been abandoned in adjacent wells on the basis of indications from cased-hole logging
that hydrocarbon saturations existed.b This well, which the geologic model suggested
had penetrated a separate reservoir, came in producing gas and condensate at
88 percent of original reservoir pressures and has since produced sizable quantities of
gas. |

This case history is one of the first to illustrate the presence of significant
compartmentalization in deltaic sandstone reservoirs and the importance of this reser-
* voir heterogeneity to the effective exploitation of such reservoirs. Seal and Gilreath
. (1975) concluded from their experience with the Vermilion Block 16 field that this
kind of reservoir heterogeneity or compa‘rt.mentalization is implied by (1) major
deviations of actual production yields from those expected from volumetrics
calculations on a per well or fieldwide basis and (2) significant variations in reservoir
pressure across the field. These are important clues to recognition of the
nonhomogeneity that, we believe, is the rule father than the exception in oil and gas

reservoirs of all types and ages.
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Port Arthur Field

The Port Arthur field, in Jeffersoh County in the Gulf Coast of Texas, produced
57 Bcf of gas from the Hackberry sandstone member of the Frio Formation before be-
ing abandoned in 1981 because of excessive water production. Frio facies and deposi-
tional sy‘stems have been characterized in detail by Galloway and others (1982). In
general, the Frio comprises a 15.000-ft-thick progr’adational wedge of interfingering
“nonmarine and marine sandstones and shales deposited iﬁ fluvial-deltaic and barrier-
island and strandpiain ‘depositional systems. TherHackberry represents a distal
equivalent composed of channel-fill and overbank sandstones deposited in a deep-water
setting downdip from strandplain and barrier-bar sands of the middle Frio system
(Ewing and Reed. 1984: Gregory and others, 1984). Analysis of general sandstone
geometries in the Port Arthur area indicates that these sandstones were deposited in
a dip-elongate, submarine channel system developed in an enlapping submarine channel
fan complex. The thickest, most continuous sand bodies in this complex trend
southeastward and represent submarine channel-fill sequences. |

More detailed study of these sands by Tyler (1987) ‘iIIustrates that the sandstone
bodies in theseb channel and overbank systems display considerable lateral and vertical
’heterogeneity within the Port Arthur field (figures 20 and 21). Channel-fill
sandstones, for example, which generally form the cleenest end most povrous reservoir
facies, are flanked by levee and overbank deposits that have lower porosities. The
channel sandstones are as small as 1,000 ft in Width (figure 22). These sandstone
 bodies are also vertically heterogeneous. Hemipelagic mu_ds deposited during periodic
interruptions in accumulations of channel-fill sands have divided each channel complex

into several discrete sandstone layers (figure 21). Reservoir heterogeneity is further
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Figure 20. Typical log section through the Port Arthur Hackberry field, Gulf Coast of
Texas. showing the general vertical sequence of lithologies and depositional
environments. The sequence varies laterally across the area as shown in
figure 21. From Tyler (1987). '
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Figure 21. North-south cross section illustrating lateral facies changes in the C 'sand,
‘Port. Arthur field, Texas. Note that channel sandstones are separated into
numerous distinct reservoir compartments by. lateral facies changes and overlying

and underlying thin shale beds. From Tyler (1987).
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Figure 22. Facies map of the C-4 sands‘tone stringer in the Port Arthur field.

Note .

that the ‘porous channel deposits. which have a maximum width of about:
2,000 ft, are separated by less porous. interchannel deposits. From Tyler

(1987). €
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complicated by structural variations across the field. Each‘ reservoir compartment has
a separate gas/water contact determined by thé field structure (figure 23). Clearly,
these submarine fan sandstones form a highly compartmentalized reservoir sequence. |
Testing of the Porf Arthur field subsequent to its abandonment has provided ad-
ditional support for the reservoir compartmentalization indicated by geologic study.
Recompletion of an abandoned well in a previously untapped, lower sandstone layer
(lower completion interval, well #6. figure 21) of what was considered to be a single
reservoir unit resulted in an initial potential of 5.5 Mcf of gas and 300 barrels of con-
densate per day. This well eventually produced 144 Mcf before being shut in for
reasons unrelated to production (Tyler, 1987). This new production represents an in-
crease of about 150 percent over the total production recordéd by this well from the
pre>vi0us completion (upper completion interval, well #6. figure 21) in. what was
previously considered to be the same reservoir (C sand).
| Reevaluation of reservoir continuity in the Port Arthur field resulted in the recog-
nition of 11 untapped reservoir compartments (Tyler, 1987). Estimations of remaining
gas in place indicate that the Port Art‘hur field contains an additional resource of
about 14 Bcf (20 percent of the original gas in place [OGIP]). This amounts to a

potential 25-percent increase in gas recovery from this field.
La Gloria Field
The La Gloria field is developed in fluvial sandstones of the middle Frio Forma-

tion in Jim Wells and Brooks Counties, South Texas. Regional study of the Frio in

this area illustrates that these deposits are part of the Gueydan fluvial system of the
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Figure 23. Net-pay map of the C-4 stringer
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From Tyler (1987).
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Rio Grahde Embayment (Galloway, 1977: Galloway and othérs. 1982). The Gueydan
sequence cémp.fises (1) bed-load and mi'xed-ioéd- chahnel-fivll‘sandstbryles and }
- conglomerates, (2) crevasse spléy sandstones, (3) poorly developed |evée siltstones.
and (4) floodpiain mudstones (figure 24). Gueydan channels were generally low -
sinubusity: thus chanhel-ﬁll deposits ére typically straight and oriented parallel to de-
positional dib. ~Vertical stacking of channelsequences has produced sandstkone‘vbodies .
- 50 to 100 ft thick. ‘Individual channel sandstones élso are commonly amalgarﬁéted
‘_Iat‘erally. prodﬁcing sighiﬂcant lateral reservoir conti‘n'uity' (G‘alloway. 1977). Reservoir-
quality facies aléo are developed |n overbank splays. but continuity in these
sands_fones is considerably less than that in channel s‘équenées. |

Analysis of depositional sequences' in the La Gloria field illustrates the variation in
»fesérv‘oir-continuity. As illustrated in figure 25, sandstone continuity is markedly
greater along depositional dip than along striké. These data. which are based on
taBUIating sandstone bed continuity amohg well pairs (George and Stiles, 1978) in the
Brooks B unit, the most prolific of the La' Gloria reservoirs, feflect ’the dip>orienrtavtion
‘kof~ fhe Gueydah channel systems iﬁ the area. A second approach to determining res-
ervoir héterogeheity involves méasurihg the widths of reservoir and nonreservoir facies‘
~belts.  Figure 26 depicts the continuity of reservoir and nonreservoir facies in the
lower Jim Wélls unit using tHis teCHniqué. Ih both units, coﬁtinqity data 'sdggest
that wells drilled on grids of 40 acres or greater are u‘nlikely to penetrate
interconnected reseﬁloir units: the field is curfently developed on about 280-acre sbac;
ing. | |

b’Pressure data recovered from the La Gloria field support‘thé heterogeneity in res-v
erQoif. facieé indicated by studies of the depositional systems. Initial‘ pressures
“recorded in a recent infill well ‘Welre substantially .higher' than average pressures in the

reservoir (figure 27). This indicates that this well penetrated a reservoir compartment -
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Figure 24. Facies and paleoenwronments of the Gueydan fluwal system (Fno) A.
‘Block diagram showing low-sinuosity channels flanked by extensive crevasse
splays.. B. Cross section illustrating complex ‘lateral interrelationships of channel,
splay. and floodplain deposits. Note that within the channel complex. sandstone
_bodies are relatively thick and continuous. Continuity decreases laterally into
mterbedded 'splay’ sandstone and mudstones and siltstones of the surroundlng
floodplain. ~ From Galloway (1977). .
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RESERVOIR CONTINUITY
BROOKS B RESERVOIR, LA GLORIA FIELD
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Figure 25. Continuity of reservoir facies (channel and splay sandstones) measured
parallel to depositional dip (A) and strike (B) for the Brooks B reservoir interval
in the La Gloria field. Note that there is little change in facies contact along
dip. whereas contact along strike decreases rapidly. These data indicate that
wells drilled along strike are relatively unlikely to encounter interconnnected
reservoir compartments even when closely spaced. Continuity calculations are
based on determining continuity of sandstone beds among well pairs according to
the method outlined by George and Stiles (1978). After Ambrose and others
(1988).
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LA GLORIA FIELD HETEROGENEITY
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_ Figure 26. Continuity of reservoir and nonreservoir facies calculated for the lower Jim

Wells reservoir in the La Gloria field. These data show that wells drilled on
greater than 40-acre spacing will be unlikely to contact mterconnected reservoir
compartments. After Ambrose and others (1988).
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'PRESSURE DECLINE LA GLORIA FIELD
LOWER JIM WELLS RESERVOIR
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" Figure 27. Pressure decline curve for the lower Jim Wells reservoir unit, La Gloria
field. A recent (1987) infill well recorded initial pressures nearly five times
higher than field average values. Rapid pressure decline in this well suggests
that it has penetrated a small reservoir compartment that is in poor
communication with the rest of this reservoir interval. After Ambrose and
others (1988).
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that was in poor pressure communication with the remainder of the reservoir. The
rapid pressure decline exhibited by this well suggests that it is draining a rather small
isolated compartment; facies analysis indicates that it is a splay sandstone of limited
continuity. |

The La Gloria field has produced approximately 1.5 Tcf of gas. Preliminary anal-
ysis of remaining OGIP and expected ultimate recovery (EUR) indicates that approxi-
mately 20 percent of the OGIP in the field is not being contacted by existing wells.

This represents a potential for additional recovery of 25 percent of the EUR.
Julian North Field

Julian North field is located along the Vicksburg Fault Zone in South Texas
(Kosters and others, in preparation), near the boundary of Brooks, Hidalgo, and
Kenedy Counties. Depositioﬁally. it lies in the Norias delta system of the Frio
Formation, downdip of fluvial sediments of the middle and lower Frio Formation
(Galloway and others, 1982). The Norias system consists of well-defined, vertically
stacked lobes (Galloway and others, 1982), represented in the Lower Frio by thick,
upward-coarsening, wave-reworked delta-front sands (Kosters and others, in
prreparation). |

-Julian North field has produced 16.8 Bcf through 1986 from two nonassociated
gas reservoirs. Discovered in 1953. the Julian North field occupies part of an anti-
cline created by rollover into a large growth fault; the Julian field lies immediately to
-the south in a similar structural and ’depositional setting (figure 28). Gas production
in Julian North comes from upward-coarsening sand sequences 100 to 400 ft thick.

Sand-thickness maps of individual reservoirs show that the sand bodies are con-

tinuous along strike for 10 mi or more, but discontinuous along downdip. Facies
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Figure 28. SP log-facies map illustrating typical geometries of depositional facies in
the Julian and Julian North fields (22-F reservoir). Tidal channel facies (F)
crosscut back-barrier (western S). barrier-core (B) and fore-barrier (eastern C and

S) sand facies.
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maps of the Julian North and Julian reservoirs reveal depositional trends characteristic
of wave—dominated deltas and barrier islands. Most reservoir intervals comprise
continuous. strike-elongate back-barrier, barrier-core, and fore-barrier facies, although
- some contain tidal channel facies that crosscut the barrier sands or dip-oriented, digi-
tate distributary channel and channel-mouth bars less than 2 mi across (figure 28).

Continuity of reservoir facies, as measured from the widths of reservoir and
) nonreservbir facies, is high even in reservoirs that exhibit crosscutting tidal channel or
digitate log patterns (ﬁguré‘29). Despite this high continuity, reservoirs in the Julian
North field need to be developed to about 320- to 160-acre spacing to assure
complete contact with all reservoir compartments (figure 29). Since the field is cur-
rently drilled to only about 1280-acre spacing. éonsiderable infill drilling will be
necesSary to maximize recovery. |

Material balance calculations of one of the Julian North reservoir intervals (1-92)
indicate an EUR of 24 Bcf. Original gas in place for this interval is estimated to be
36 ‘Bcf. based on a volumetric estimate using detailed log analysis. These data indi-
cate that as much as 12 Bcf, or 33 percent of the OGIP, is not in pressure commu-
nication with existing wells.  This représents a potential 50-percent increase in gas
- reserves.

" Potential new reser\)es calculated for the 1-92 reservoir in the Julian field
(50;pércent increase over expected recovery) are substantially higher than those calcu-
Iate‘d for La Gloria field (26 pe'rcent), even though Julian North produces from
deposits that are less heterogeneous. This discrepancy is due to the different ages
and development histories of thé two fields. The lower Jim Wells reservoir in the La
‘Gloria field has experienced a long and complicated completion, cycling. and
recompletion history since 1941. Initially wells were perforated near the gas/water

contact to get maximum condensate production.” Decades later other wells drilled
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Figure 29. Continuity of reservoir and nonreservoir (seal) facies for the 22-F reservoir

in the Julian and Julian North fields.

Data indicate that reservoir compartments

can be effectively contacted by wells spaced on about 160 to 320 acres or less.
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“nearby were r’ecompleted' to tap different zones within the Iower Jim Wells, and at
‘] present new wells are belng added on the crest of the Feld The reservoir is current-
ly developed on about 280-acre spacmg

The 1-92 reservorr in Jullan North f'eld is at a much earlrer stage in its develop-

R ment. Dlscovered in 1974, thls reservoir is currently producmg from wells drilled on

.about 1280—acre spacmg. Contmued' drlllrng in the reservorr to 640-acre spacmg will

‘ ‘inorease‘ the EUR and decrease infill potential to 20 to 30 percent of EUR.
Carbonate Reservoirs
" Hugoton Field

The Hugoton fleld is the largest gas- producmg area in the Unlted States
encompassrng parts of Kansas Oklahoma ‘and Texas (Halbouty. 1970) By the endv
- of 1985 cumulatrve productlon in thrs grant fleld totaled 28 ch of gas; remaining
proved reserves exoeed 12 Tcf (American Gas Assocratron. 1986), .Approxrmately two-.
thirds (18 Tcf) of the cumulative production ‘.comes from the Kansas portion of the
field: the Texas and Oklahoma portions of the field have each produced about 5 Tcf.
A gr‘eat deal of detailed ‘geologic and engineering- data has. recently become: avail—
i able for the Kansas portion of the feld in the course of hearlngs held by the Kansasv :
Corporatlon Commrssron in 1985 and 1986 to consider the applrcatron by fleld‘
’operators for permlssron to begm rnf'll drlllmg These data document. srgmﬁcant heterf
ogenelty within Hugoton reserVorrs and |Ilustra‘te that assessments of gas'reserves‘
‘based on matenal balance calculatrons from eX|st|ng wells WhICh are currently on

640 acre spacing, can be far too conservatlve
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Geology.--The Hugoton field is a dry' gasv r_esebrvoir developedii‘n VWoIfcampian,'
(.Iower Permian) carbonates (dolostones and limestones) and siliciclastiCS (quartz'
- sandstones and siltstones)‘ ‘_of t'he Chase Group at depths‘ of 2,600 to 2,900 ft (Pippin,
,'1970). These rocks were deposited in»'nearshore. shallow-water marine .enyviro'nrnents'
deveIOped on the eastern flanlt of the alncestral Rocky Mountains d'uring theearly
Permian (Rascoe and Adler 1983)' The l-Iugoton is a‘classic stratigraphic trap. In
general permeable, shallow-marine, Chase Group dolostones pass updlp lnto imperme-
able nonmarine shales and 5|Itstones to the west; the top seal is formed by |mperme-
“able anhydrites of the overlylng chhlta Group (Pippin, 1970) Detalled mvestlgatlons
of the Chase Group reveal complex. sequences of llthologles that exhibit consrderable
‘ lateral as ‘well as vertical heterogeneity. - Babcock (1985), for example documented
lithologic variability at scales ran‘g‘ing vfrom reglonal to individual wells. Thlssvarlablllty
is due to the repeated mig}»ration of carbonate and siliciclastic depositional
environments during the deposition of the Chase »Group i.n the Hugoton field area. No
less thanbl»ﬁve Upward-shallowing sequences produced by relatiye rises van_d falls in sea'
level have been recognlzed in the Chase Group The base of each sedUence is com-‘
posed of dep05|ts formed followmg a major rise in relative sea level; these deposits
are overlaln by progressively shallower water deposrts formed durmg progradatlon.
This cychcrty comblned W|th the regional westward- dlpplng deposmonal slope in the
~area, produced complex Ilthologrc sequences that vary across the field due to lateral
~migration an‘d variations ‘in water depth. wave energy, and proximity to sources of
siliciclastics.’ The wide‘variety of carbonate and siliciclastic lithologic types

-encountered in the l-lugoton field is illustrated in figure 30 (Babcock. 1985).
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ReserVOir duality is similarly varia.ble in’ the Hugoton field. The'/most permeable
:rock‘svare (1) n'1ud-free carbonates which ‘are most conamon at' thek bases of jcycles
~and downdlp ‘and (2) mud-free quartz sandstones deposrted Updlp and at the top off_j
lprogradatronal cycles in marginal marine settlngs Muddy carbonates. and sandstones
that contain srgnlﬁcantly less permeabllrty are commo'n updip in vthe western part: of

| the feld but are aIso found throughout the area in the mrddle and upper parts of the

- reservoir. ‘The resultant varlatrons in Ilthology and permeabllrty across the f'eld are

.|IIustrated in f'gure 31 (Babcock 1985) Thls cross section through the Wlnfreld‘
sequence |||ustrates the dommance of massive carbonates in the sectlon to the east,
. whereas 5|||c1clast|cs are mcreasmgly abundant to the west. - As |IIUstrated by porosity-
' and permeablllty data deplcted in f'gure 31, sandstones whlch are espeC|aIIy common
in the west, and‘dolom|t|2ed gralnstones. which are abundant in the east, are the‘ v.
major reservoir facies.‘ ‘ |

~In addition to heterogeneity caused by vari‘ations in depositional environments
across the field. diagenetic changes in Chase Group' carbonates have created further ,
variability in reservoir permeability and porosity. Hinterlong (1985) recognizedb
‘secondary dlssolutlon of carbonates in the central part of the field and associated
reprecrprtatlon of carbonate cement in the easternmost part of the freld
Prezblndowskr and others (1988) also recognlzed these d|ssolut|on repreC|p|tat|on
ﬂevents ~They mterpreted thlS dissolution to. be the result of early influx of meteoncv
~waters during periods of subaerial exposure that took place foIIowmg at least two of
the major upward- shallowmg cycles durlng Chase Group deposmon Paleosolsand
evidences of dlssolutlon in Underlymg_carbonates formed during these periods of expo-
sure are thlckest anng the western and northern margins of the field and thin to the
south and east. reflecting the eastward—dlpplng paleoslope. Dolomltlzatlon which - is

~ variable in its extent across the field, also has affected reservolr heterogenelty.,‘
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CHASE GROUP SEDIMENTATION PATTERNS

THE FUNDAMENTAL DEPOSITIONAL SURFACE & INTERNAL GEOMETRY OF DEPOSITIONAL UNITS

SSa

PROGRADATION

THE CLINOFORM
SURFACE

SEDIMENTATION

©

b

LATERAL ACCRETATION

B AND C FROM BROWN & FISHER 1980
(AFTER GALLOWAY ET AL. 1879)

LATERAL VARIATIONS IN BASIN FILLING SEDIMENTS
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CHANNELS
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® TIDAL
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‘ FORMATION

FINE SANDSTONE SILTSTONES - MUDSTONE BED
GOOD TO EXCELLENT NON-RESERVOIR  NON-RESERVOIR
RESERVOIR TO FAIR RESERVOIR

SOURCES OF VARIABILITY

LATERAL MIGRATION OF ENVIRONMENTS

© e.g. CHANNELS, DELTA SWITCHING, SHORELINE CHANGES

ENERGY VARIATION (GRAIN SIZE AND ENERGY RELATIONSHIP)
¢ e.9. CURRENT VARIABILITY, STORMS, FLOODS, WIND STRENGTH

CHANGES IN SOURCE AREA

* €.9. AMOUNT AND TYPE OF SEDIMENT SUPPLY, ELEVATION OF SOURCE AREA

PHYLLOID ALGAL
OVERALL DIRECTION CHANNEL (TIDAL)

OF PROGRADATION GRMNSTO'{IE‘;EEMENTED . FAIR TO GOOD RESERVOIR

CARBONATES
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ENERGY VARIATIONS (CURRENTS OF REMOVAL)
 e.9. CURRENTS, STORMS, TIDES

ORGANISM DISTRIBUTION PATTERNS

Figure 30. Styles of sedimentation and internal geometries of siliciclastics and
- carbonate rocks of the Lower Permian Chase Group in the Hugoton field of
Kansas.. The combined effects of (1) lateral migration of depositional
environments, (2) variations in wave energy. (3) distribution of organisms, and

(4) changes in the rate of siliciclastic sediment influx combine to produce

depositional facies: that are highly complex in both vertical and lateral extent.
From Babcock (1985). exhibit 14. '
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: .»Dolpmitized carbenates ini the reservoir are co'mmonly characterized by bsecondary‘ '
| iporosuty and enhanced permeablhty (Babcock 1985)
Lateral changes in I|thology have been documented on a finer scale by Hlnterlong
(1985) on the basis of detalled analysns of cIoser spaced weIls using a synthesrs of
»V\reil' Iog'and core data. These studles reveal major changes in ||thology between wells 5
currently on 1-m| spacings and lmply that no smgle well is in communlcatlon with all
permeable zones (Hmterlong 1985). Studles of mterwell varlatlons in lithology ‘were
further studled by Pelzmann (1985) using Schlumberger Facrologs (Wolff and Pelissier- -
~Combescure, 1;98_2; Wlddlcombe ‘and others, 1984) produced from well log suites.
These data i’ndica_te similar. heterogeneity between wells as' clesely spaced as 0.25 mi.
‘Although nosimilarly ‘detailed geoilvogici ‘studies of the Texas or Oklahoma portions:
of the Hugoton field have been -published, available' data ‘indicate th‘at the rocks
constituting these reservoirs are vv.ery sirnilar ‘to-those“in ‘Ka'nsa's' - The Texas Hugoton
.dlffers shghtly in two ways: (1) because the reservoir is developed a’ little basinward
: from the Kansas Hugoton the volume of westwardly derived S|I|C|c|ast|cs deposnts |s’
.Ies,s‘ and (2) the western, or upd,lp. ‘margm‘of the field is forrned by a small antlclmaliu .

structure (Pippin, 1970).

Engineering .--Engineering studies, including reservoir _simulations and analyses of
K pressure »data.c by engineers from: several different operating companies in the Hugoton
| ﬁeld support interpretations of significant heterdgeneity in the reseri/oir.

| Examination: of pressure data from repeat formatidn testers and drill-stem tests.
- for eXampIe‘, revealed wide variatiens in pressures. both"vertically a‘nd Iaterally within

the Chase Gr,oup‘in ‘the Kansas Hugotpn. Some zones showed essentially no pressure

66



~depletion after’decades of production, indicating that reservoirs are not fn complete
pressure communication throughout the field (Sale. 1985; Brown, 1985). Figure 32
illustrates the variability in pressures and lithologies in the field. = Note. for example.
the marked variation in pressure values recorded in the Winfield interval from closely
spaced wells.

Pressure data from recently drilled wells in the field further subport heterogeneity
across the field. Petzet (1988) reported that of the first 86 infill wells drilled in
1987, 75 percent had higher pressures than the most recent values obtained in initial
wells. Comparison of subsequently driIIed. infill wells showed a similar increase, al-
though only about 13 percent increased by more than 10 percent. Interestingly, new
wells drilled in the Texas portion of the field in the late 1970's also exhibited higher
than average reservoir pressures, indicating poor pressure communication throughout
that portion of the field due to reservoir heterogeneity. Figure 33 is a material
balance plot of the Texas Hugoton field (Tripp. 1985); Note that in 1976 the
- average pressure increased 10 percent over that expected by the previous rate of
decline. This increase in pressure is directly related to the addition of about 30 new
wells in the field at this time. This significant increase in the average recorded
pressure for the field‘ indicates that these new wells came in at significantly higher
than average pressures.

All of the major operators in the Kansas Hugotdn field have calculated the
potential for additional gas reserves in the field (table 25). An analysis of a 25—nk1i2
area within the field by Mobil engineers indicated substantial amounts of OGIP not in
pressure communication with existing wells (Bésly. 1985; Liveris, 1985; Robl, 1985).
Both computer reservoir simulations and comparisons of calculations of OGIP on a
per-well bas_is based on volumetrics with those derived from méterial balance studies
(bhp/z) produced similar estimates of OGIP not likely to be recovered by current de-

velopment (20 to 25 percent). On the basis of similar compariséns in a much larger
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Figure 33. Material balance plot for the Texas portion of the Hugoton field.. Note the
significant increase in bhp/z in 1975. This increase was associated with the
drilling of ‘approximately 30 new wells in the preceding year and indicates that
many of these new wells encountered S|gn|f|cant|y higher than expected
pressures. From Tripp (1985)
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study, Tennec§ engineers determined that approximately 38 percent of the OGIP will
not be produced by wells on 640-acre spacing due to reservoir heterogeneities (Sale,
1985). A considerable degree of variability in recovery efﬁéiency was observed across
the field, however. Gas projected to be unrecovered by single wells ranges from as
little as 23 percent to as much as 62 percent. Modeling of Cities Service lease areas
in the Hugoton field indicated similar ranges in recovery efficiencies. Relph (1985)
determined that unrecovered gas in these areas of the field will range from a low of
about 15 percent to a high of 66 percent. Estimates ofr uncontacted OGIP by Amoco
on their lease holdings are similar, 15 to 40 percent. Such variations in recovery effi-
ciency are expected in heterogeneous reservoirs and illustrate the importance of de-
tailed geologic and engineering characterization of reservoirs in optimizing recovery from
infill drilling techniques.

Generally similar results were obtained in the Texas Hugoton field. Diarhond
Shamrock engineers performed material balance calculations and plotted drainage‘ areas
for a 56-well area (figure 34). Their studies suggest that approximately 44 percent of
the OGIP in this area is un;ontacted. This implies a new resource potential of about
81 percent of the current‘ EUR in the Texas Hugoton and documents a degree of res-
“ervoir heterogeneity that is similar to that observed in the Kansas Hugoton.

All of these studies document the importance of infill drilling to improved recovery
of OGIP in the Hugoton field. They also, however, document the potential for new
reserves‘. Current reserve estimafes for the Hugoton field are primarily based on
material balance calculations, as they are for most gas fields. The reservoir
heterogeneities documented by geologic and engineering studies of the Hugoton field,
however, iIIus_trate that average pressures recorded from existing wells are not

representative of the entire field. ~Reserve estimates derived from these data include
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Figure 34. Map of part of the Texas Hugoton field showing calculated maximum
drainage areas based on determination of expected ultimate recovery and original
gas in place for 56 wells on 640-acre spacing. Data predict that approximately
44 percent of the OGIP will not be produced by current well spacings. This
represents a reserve growth potential of 78 percent. From Texas. Railroad
‘Commission hearing files, docket 10-87. 871, exhibit 3. ' : S
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| only that fraction ovf' the .OGIP'contacted by those wells; these estimates are thus
~low. Current estimates of remaining reserveé“f'or the Kansas Hugoton field. for
example, are approximately 9.5 Tcf, giving an ‘EUR of about 28 Tcf. Estimates of
OGIP for the entire field based on volumetrics calculated for individual weII§
V(di‘sc‘ussed previously) range frbm a high of 52 Tcf (Cities ‘Servvic)e calculations. from
“Relph, 1985) fo about 36 Tcf (based on Mobil and Tenneco data).

The sighiﬁcant variation in estimates of remainihg gas in the Hugoton ﬁe'lvd. which
are Based ‘on &eterminati'oh of récovery éfﬁciéncy by ihdividﬁal oberators on a per->welbl.
basis in thieir' own broducing areas. iI‘Iustrates the considerable heterogeneity across the
field but ;:ertainly also suggests trhat significant‘new reserves will be added as infill
drilling proceeds. We have used the most conserva?ive of these estimates (that by
Mobil) as a basis for assessing the potential for reserve growth in the Kansas

Hugoton and geologically similar gas reservdirs across the country.
Application of Case Studies to Reserve Growth Estimation

In five of the six gas reservoirs described above, esfimates have been made of
the amount of gas that is not CUrréntly being contac-ted by existing well§ by
~ comparing EU‘R with OGIP (tabl‘e 26) This gas, “which will not be produced from
these fields with existing well spacings and conventional recovery techniques,
constitutes a sizable 'potential gas resource thaf we have designated Advaﬁced Reserve
Grdwth (AGR) pofential. We have used the data obtained from these gas resefy‘oir
case studies to help assi’gn réserye growth féctors to heterogeneity rankings already
established for specific depositional settings from study of both oil and gas resefvoir_s.

“In all cases, factors are conservative relative to actual calculations of resource.
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“petential made for these reservoirs For example, in the Hugoton fleld estimates of
noncontacted OGIP range from. about 25 to 84 percent (table 25) We have taken

the most c_onservatlve of these estlmates. 25 percent, as a reasonable indication of the‘
AGR potential acress this field.  The reserve growth factor assigned to restricted plat-
form dolomlte reservoirs based on the Hugoton example is even more conservative
(0.20). Thus our growt‘h factors allow for variations in heterogeneity and reserve
growth potential within‘ depositional types and uncertainties regardi.ng, the maximurn re-
covery efficiency- possible in"gas reservoirs 7(commo,n|y estimated between 80 and

92 percent).
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APPENDIX 3.

Economic Modeling

ICF Lewin Energy
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ICFfLEWIN_GAS'ECONOHICS MODEL
,,Backgronnd

The ICF-Lewin Energy Gas Economics Model - was ‘used to evaluate the
economic ‘recovery of natural gas from reserve growth and unconventional
sources (tight gas, coalbed methane, and Devonian shale) for the Department
of Energy's Natural GaS‘Initiative The model has been w1dely used by DOE
and others to assess the economic potential of a variety of ‘natural gas

'resources

The follow1ng sections provide background information on the ICF- Lew1n.’
“model. The model con51sts of two primary components, which will be
discussed ind1v1dually. Section: A describes the Engineering Costing and
Field Development Model and Section B discusses the, Economic and Finan01a1

_Analy51s Model

CA. Eggineering Costinz and Field Development Model

The Engineering Costing and Field Development Model 51mulates the
development of a gas field pattern or well by linking gas recovery w1th
~well drilling, equipment, and operating costs and the timing of development .

The model'includes:

1) Front-end costs for seismic, logging, coring and other G&G and
: data acquisition and analysis activities '

2) Drilling and well completion costs by. prov1nce and well depth for
gas wells and assoc1ated dry holes

3) . Well and lease equipment costs _including. costs for  site
preparation, by proVince well depth and maximum gas flow rate

4) ,Special well and lease equipment costs for operation of low
pressure or high water volume gas wells, including compre551on
dehydration, high volume pumping equipment, and disposal

Gas recovery' is that component of a geologically' assessed resource
which is technically recoverable. For unconventional gas, this is
determined by detailed reservoir simulation based on specific
assumptions. . concerning  the performance ~of  ‘advanced - fracturing
technologies. ~ Decline curve analysis and/or reservoir modeling were
used to assess technically recoverable volumes of non- assoc1ated and
~associated gas:

20K00097 .RPT
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'S) ' Well‘ stimulation costs. (as approprlate) by type and volume of
- fracture fluid, well depth, and concentration (and type) of
proppant : S :

6) Well-: operatlng and malntenance costs by prov1nce well depth, andb
o gas flow rate. ' M

The cost data and algorlthms are based on w1dely used and publlcly
‘tavallable sources (Table l) and include data from the Department of Energy,
the Department of Commerce and the Amerlcan Petroleum Instltute The costs
are modified for = the specific technological crlterla required for the

"recovery of partlcular natural gas resources

Costs are,specific to each province for representative well depths and
gas flow rates ‘These costs are expressed in 1986 dollars and have been
updated using the Bureau of Labor Statistics’ (BLS) 1nflat10n indices for
each major cost component. In addltlon, algorlthms ex1st in the model that
relate costs to‘oil-prices and rig utilization These cost/prlce algorlthms
are based on previous work performed for DOE/FE and publlshed in the 8001ety

for Petroleum Englneer,s literature (Kuuskraa and others, 1986. and l987).**

The costs a55001ated with developmental dry holes are allocated on a
per well basis. Region- specific developmental drilling success rates are -
based on historical gas well drilling over the 1981 through 1986 time
perlod as reported annually by the American Association of Petroleum

Geologlsts.

B. Economic and Financial Analysis Model
' The Economic and Financial Analysis Model links natural gas production,

investment and operating costs, and gas prices and considers .royalties,

** Kuuskraa, V.A., M.L. Godec, and F. Morra, Jr. "Replacement Costs of
Domestic 011 and Gas Reserves," SPE Paper No 15352, presented at
the 6lst Annual Technical Conference and Exhlbltlon of the SPE,

New Orleans Loulsrana October 5- 9,°1986.

Kuuskraa, V. A F. Morra Jr and M.L. Godec, "Importance of
Cost/Prlce Relatlonshlps for Lease ‘Cost 0il and Gas Reserves," SPE
Paper No. 16289, presented at the SPE Hydrocarbon Economlcs and
Evaluation Symposium, Dallas, Texas March 2-3, -1987.
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‘Table 1
Sources for Onshore Costs of

‘EgplorAtion,'Drilling, and Production

Costs and Indexes for Domestic 0il and Gas Field Equipment and

~ Production Operations, Washington, D.C., DOE/EIA, April 1986,
“DOE/DIA, April 1986, DOE/EIA-0185(85). . Gives cost indices:
and an engineering breakout of costs for a few selected depth~
classes on a regional basis. '

Current-Industrial‘RenortsL Annual'SurveY of 0il and Gas, U.S.
- Department of Commerce, Bureau of the Census 1981 (MA-13K-
.(79)-1), published annually i '

Indexes and Estlmates of Domestic .‘Well : Drillings Costs,
Washington, D.C: DOE/EIA-0347 (1984 and  1985). Gives

indices ‘and an engineering breakout of costs for a few
: selected depth classes on a regional basis ; i

Joint Association Survex of Drllllng Costs, Washington, D.C.
.+ API/AGA, December 1986. - Gives drilling costs for- successful

‘and dry wells by state:and depth classes.

- Survey of O0il and Gas Expenditures, American Petroleum Institute
published annually since 1982. Gives total 1ndustry expendltures

- by reglon for a wide variety of items.
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severance taxes, income taxes, and return on investment. The key features
of the model include the following:

1)

2)

3)

4)

5)

Optional means for incorporating gas price versus time (e.g.,
constamt price, escalating price, user-established price by year)
that link with annual gas production to establish gross revenues

Provision for royalty, severance tax, and ad valorem taxes as
customary for the gas production industry to establish net
revenues ’ -

Proper timing of investment and operating costs (particularly the
effect of front-end dryhole and other capital outlays) to
establish before-tax cash flows and operating net revenues

Accounting conventions, such as depreciation, tax credits, etc.,
for establishing taxable income and tax obligations, using the
current 1987 federal/state tax code; to establish after-tax cash
flows and operating profits :

Standard internal rate of return, net present value, payback and
minimum required selling price financial measures by which to
appraise the relative economic attractiveness of a non-traditional
gas recovery venture versus its competing alternatives.

The model develops year-by-year undiscounted and discounted cash flows

and provides:

The net present value of a project, at the specified
discount rate and price

The minimum required gas sales price, at specified rates
of return

The payback time for the project

The investment and operating costs per Mcf of natural
gas recovered.

For all of the economic assessments of natural gas from unconventional

sources and reserve growth performed a part of the DOE Natural Gas

Initiative, no unconventional gas tax credits or Natural Gas Policy Act

incentive prices were considered. Therefore, the economic assessments may

be somewhat conservative, since some of the resources considered would

likely be eligible for these benefits.

20K00097 .RPT
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Non-associated‘Natural'Cas'Reserve Growth from Discovered Fields

'The economic assessment of the potential of natural gasvfrom reserve
kgrowth of discovered fields relled on the BEG assessment of the "advanced
~gas resources" of over 200 plays in the Lower 48 states. The’ advanced gas
resource defines the max1mum;target gas that remains in discovered fields
due to reservoir heterogeneity From this ICF- Lew1n Energy estimated the
component of ‘this target gas that 1s economically recoverable at various
~ prices. " The methodology for the economic analysis is ‘discussed in the

following paragraphs.

The results of the BEG play analySLS were aggregated to a prov1nce
level, the unit of analy31s for the economic assessment. ~For each province .
(and for 2 ;500 foot depth increments w1th1n each prov1nce), BEG developed

“the following data set:

° Field size distribution wusing estimated ultimate
recovery plus maximum reserve growth target ("advanced
gas resources") as the basis for the distribution .

;@ Productive areal extent by field size category

® . Current well spacing (number of wells per square mlle),
on average, for each field size category

. Recovery function relating number of infill wells
drilled per section to percent incremental reservoir
contact, by estimated extent of reservoir heterogeneity.

Using the data supplied by BEG, ICF Lewin developed a cost/supply
summary table for gas reserve growth for each province. The cost categories
are:  <§3.00/Mcf, $3.00-5.00/Mcf, and >$5.00/MCF.  This was accomplished

~ through five subtasks, described below.

Task'l; UDdate’Gas Economics Model to Correspond to Provinces Selected

by BEG. ‘Thisvstep involved updating the cost data of the ICF-Lewin Gas
" Economics ‘Model to account for . the .provinces_ and depth categories

) designated by the.BEC.

o~
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'fask"Z Develog yplcal Decline Curves for Each Prov1nce ICF- Lew1n »
developed normallzed well productlon curves and typlcal reservorr
properties by prov1nce u51ng historical productlon data for a set ‘of .
representatlve fields. ~ These curves were wused - to represent the

1ncremental gas recovery from" improved reservorr contact through infill

jdrllllng

Task 3. ‘Apgly Txpical Decline Curves to Each Province. Using the data
'prov1ded by BEG (recovery functlon ‘current well spacing, and areal
extent) the normalized productlon decline curves were applled to the
‘recoverable volume of lncremental gas to develop a typical per well
productlon history for each provxnce This was performed for each
depth and field size category for varlous well spac1ngs and served as

~input for the economlcs model

Task 4. Determine‘Minimum Economic Price for Incremental Gas Recovery
for VariOus Well Spacings, Regions, Depth Categorles and Field Sizes.
The ICF- Lew1n Gas Economlcs Model was used to determlne the minimum gas

vprlce, for,each region, depth category, well spacing, and field size,
that is required to achieve a’tentpercent (real) retdrn on investment
from'ihcremental gas recovery resulting from infill drilling For each

‘province and depth category, this’ price was assumed to apply for all

“flelds of that size.

Task 5. Aggregate Results -into Cost Table for Each Province. The

.results of the individual field size and well spacing economlc analyses
were aggregated to develop a cost/supply table representatlve of the

U.S. gas reserve growth potential for the provinces assessed
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Gas Resources Associated with 0il Reserve Growth

‘The economlc evaluatlon of the associated natural gas reserve growth
relled on prellmlnary analyses currently be1ng conducted for DOE/FE by ICF-'

Lewin Energy and the Bureau of Economlc Geology (BEG).

The purpose of thls study is to develop a geologlc/englneerlng based
lapproach to estlmatlng the potential contrlbutlon of reserve growth to -
_ domestic oil supplies. To date, the study has estimated the ‘economically
v‘recoverable hydrocarbons from the San Andres/Grayburg South Central Basin
‘Platform Play, a collectlon of 19 flelds in the Permian Ba51n of West. Texas
"~ This study developed a geologic methodology to establlsh the increased
- volume of reservoir in contact with more closely drilled infill wells,
calculated recoverable o0il and associated gas, and concluded w1th an-
economic analy51s of the reserve growth potential of the South’ Central Basin

Platform Play

The bresults of vthiS' study were  used ras ~an approximation of the -
‘potential for economio reCOVery from‘domestie associated gas reserve growth.
For this, ICF- Lewin = Energy developed“ a cost/supply table _relatingi'
.recoverable gas from 1nflll drllllng to price per Mcf of gas. This table is
an aggregation of a fleld -by-field. analys1s of South Central Basin Platform
Play Detailed gas-oil ratio data for individual fields were used to assess
the volumes of‘associated gas”recoyerable from infill drillihg as a'fuhction

of oil recovery. "
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_ Tight Gas Sands

. The estlmates of potent1a1 natural gas from tlght gas sands are based

" on geologlc data compiled by the National Petroleum Coun01l (NPC) in 1ts }»

study . of unconventional gas publlshedk in" 1980. Lewin and Assoclatesﬁ
automated the ‘data and the NPC analysis methodology in the Tight Gas -
' Analjsis System (TGAS) systems model in 1984. The model has been,npdatedatof‘
account for current taxgand cost chargesband'the production, stimulation,

and financial analysis routines have been improved over time.

The NPC organized the oVeraIl tight gas resource into two categories:
vappraised . and extrapolated y The ‘apbraiéed ‘reSOUrce consists of 102
'iformatlons located in ten basins that were studied in detail by the NPC.
Each appraised formatlon is. spec1f1ed in terms of 5 to 10 average levels of
»permeabll;ty, with each permeablllty "grade" associated with an exp11c1t
‘prodnctivev aréa, ganfilléd porosity; net .pay, nrobability that 'traps
contain hydreearbons, and probability that wildcat wells are productive.
Fren this, tne ecenomic potentiallof the appraieed'tight gas_resource was

‘estimated,‘

The remalnlng baSLns/formatlons for which‘there was insufficient data -
- for detailed -analysis, kwere grouped into _four extrapolatedb regions:
Western, Greater ‘Southwest, Mid- Contlnent ~and Eastern ‘Geologic analogs
were used to establlsh the economlc tlght gas potential in these reglons
For example, tight formatlons in the Eastern region are represented- by the -
Northern Great ‘Plains (Mowry, Greenhorn,_ Carlile, Niobrara, and Eaglev
»formatlons), the Pl;eance.(Corcoran?Cozzette, Fort Union, Lower Cretaceous,
and Mesaverde formatione),' the Cotton Valley and the 'San  Juan (Dakota)

basins.
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"Coalbed»Hethane

The -appraised gas 'in place estimate~for methane from coal séams is

:'comprised cf detailed resource study estimates ccmpleted for four basinelbyv”

ICF-Lewin Energy - The extrapolated gas 1n place ‘estlmate extends the .

apprarsed resource estimate by 1nc1ud1ng gross ‘estimates for the remalnlng'
domestic coal basins. For most of the basins, the estimates are taken from

thevTRW basin reports.

Technically recoverable‘ resource ~estimates were derlved for _the
appralsed basins using reservoir simulation on a townshlp by townshlp ba51s
The reserv01r 31mulat10n was based on spec1f1c assumptlons concernlng the‘
performance of advanced technologies, and was conducted using a twoephase,

~dual porosity finite dlfference reservoir simulator for coalbed methane.

Economically recoverable resource estimates were determined by running
the technlcally recoverable productlon results “through the ICF- Lew1n Gas
Economics Model, and solv1ng for a minimum gas price at a lO percent rate of_

return.
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Devonian Shale

’Thev-gas' in place estimate for Devonian ‘shaleS"was determlned by
examining‘ four productive Devonian ‘shale zones:  the Cleveland/Chagr1n
Huron, Rhinestreet and Marcellus shales of the Appalachlan Basin. Gas in
:place was computed for each zone in the hlstorlcally productlve area of the
ba51n and these values were accumulated to ‘derive the total gas in place

estlmate

- The extrapolated gas in place estimates were taken from the following

" .sources:

1.  Estimates of Unconventional Natural Gas Resources of the Devonian
. Shale of the Appalachian Basin (USGS Open File Report 82-474).
The U.S. Geological Survey estimates 577 to 1,131 Tcf of natural .
~gas in the organically-rich (black) shales of the basin, with a
mean of 844 Tcf. Subtracting the appraised value of 84 ch from
‘this value ylelds the extrapolated estimate of 760 Tcf.

2. The ‘upper flgure of 1861 ch is taken from Unconventional Gas
‘Sources - Devonian Shale, National Petroleum Council, ~1980.
Subtracting the appralsed ‘value of 84 Tcf from thls value yields.
the extrapolated estlmate of l777 ch

Technlcally recoverable resource . estlmates were -derived by applylng a
set of technology assumptlons to the geologlc and reservoir data developed
through extensive review of prev1ously published geologlc and reservoir
studles analy51s of well logs and the history matching of actual Devonian
shale well production using a two phase; dual porosity finite dlfference gas

reservoir simulator.

Economically recoverable resource estimates were determined by running
the simulated production streams (technically recoverable gas) -through the-
ICF-Lewin Gas Economlcs ‘Model, solv1ng for a mlnlmum gas price at a 10

percent (real) rate of return.
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 REVIEW OF MAJOR EXISTING AND "NEW" GAS EXTRACTION TECHNOLOGIES
Intr_oduction

It has been shown |n th|s study that there is an incremental component of:’
reserve growt_hl |n current gas' reservoirs. It has also been shown that this reserve'
growth is‘v.tied to res‘ervoirkhetero'genei‘ty and compartmentalizati‘on and that with a -
better undberstanding"of the reservoir we can access these additional reserves: with ap-
proximately" the. same cap'itall outlay. Thus, the‘major gas ‘reserve growth p‘otential in
this study is tied to the wider_ implemventation of eXtended conventional ,recouery'
technlques aimed ‘at improved recovery efficiency and is not dependent on foreseeable -
research breakthroughs  Such implementations vare cost-effective and readlly 'applied
“extensions of current gas recovery technology coupled ‘with |mproved geologically based
site selection and full integration of reservoir geology and engineering.

On the other hand. there are improved‘recover)r :technologies in various states of
o reSearch and development‘ which could add a‘n additional increment of both gas reserve
growth and deliverability. Such new or improved technologies would not only impact
reserve growth in known fields but ‘couldliha've' a significant impact on the.ultimate
recovenes in newa dlscovered flelds and on the explortatlon of unconventronal
J resources. Although components of these technologres can now be drrectly applied
within the current understandmg of the geologlc and engmeermg reservorr framework
the ‘maximum impact will ‘be felt when such technology |mprovements can be
combined with a better understanding of the heterogeneities of both gas and oil
reservoirs. One of the major chaIIenges of the development function in the oil and

gas mdustry will be the early on accurate characterlzatlon of the reservoir and the
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adoption of an optima| engineering design for drilling and completing the reservoir.
An early accurate characterization will optimize the placement of infill or development
wells and assure a minimum of dry holes. |

The current state of development of some of the improved technologies is such
that it is difficult at the present time to assess the quantitative impact of implemen-
tation on gas reserve growth and deliverability but enough information is available to
suggest‘that such technologies can play an increasing. perhaps very significant, future
role in developing additional gas resources. It is also difﬁcult to associate a given
" technology with a percentage component of reserve growth The amount of reserve
growth and deliverability is directly dependent on the degree to wh|ch a better
understanding of geologic and engineering controls on production in specific reservoirs
is applied to the placement and utilization of extant and improved gas extraction

technologies.
Infill Drilling

One of the most important yet conventional technologies which can contribute to
an increase in gas reserve growth is the strategic placement of infill wells within the
productive limits of existing fields and in evolving a development drilling program
associated with new field or pool discoveries. At the current time, most operators
recognize that there is a certain amount of ges that is not going to be accessed with
the current spacings (typically 640 acre and/or 320 acre) in many fields and that ad-
ditional infill wells are required to access these reserves. For example, in the Hugoton
field, one current infill drilling program has increased gas deliverabilities by as much

as 40% over earlier wells in the field and well test results thus far support
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contentions that infill drilling may add an additional 70% increase to reserves that
remained before infill drilling was begun. In addition, shut-in pressures at 75% of the
infill wells tested have been higher than the pre’ssure at the existing well in the unit
at a time of recent test. |
However, most of the infill prograrhs are designed around a pattern which
increases drilling density in a systematic fashion, i.e. in a regular geometric grid.
Such programs cannot. by their very nature, take into account the fundamentally
nongeometric lateral heterogeneities present in maﬁy reservoirs and although they can
and often do add additional producibility and reserve growth. they do not necessarily
maximize the potential for accessing all the recoverable gas in a given field. Strategic
or selective placement of infill or development wells based on an understanding of
lateral and vertical reservoir variations can take advantage of t‘he known
heterogeneities in the reservoir and maximize producibility and reserve growth. The
strategic placement of vertical wells assumes that the drainage geometry can be ohly
partially modified (e.g.. through fracture stimulation). Therefore, implicit in the ratio-
nale for strategic well placement is a degree of improvement in reservoir characteriza-
tion which will allow the operator to take advantage of existing variations in reservoif

geometry and lithologic variations controlling porosity and permeability.
Ihproved Reservoir Analysis Combining 3-D Seismic with Cores and Log Analysis

Historically, the descfiption of reservoirs has been primarily based on well and
core data interpretation and the petrophysical propertieé derived from such data have
‘been smoothly interpolated between well locations. In addition, the contribution of
seismic data in building reservoir hodels has primarily been one of mapping

discontinuities and seismic markers in and near the reservoir rock. The emerging role

*
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of modefn three—dimensional (3D) seismic data is based on its ability to provide "a
- greater understanding of the structural and stratlgraphlc reIatlonshlps in the‘
;‘subsurface Not onIy can it a55|st in dellneatmg reservoir geometry but it can also
play a role in predlctmg por05|ty and lithology vanatlons away from weII control. 3D
seismic data when integrated w1th subsurface well data can provide spatially continu- :
_ous estimates of rock parameters across the reservoir. - Such reservoir characterization
is a must if additional"in'crements of compartmentalized gas reserves are to be:
v acoessed .through' selective strat_egic drilling. Better reservoir management as
represented in fewer dry holes.' better Well olacement. earlier pfoduetion. and greater

recovery of gas are all benefits to be derived from the use of this integrated technolo-

gy.

Better Use of Advanced Computer Technology

~Computers will obviously play a major roIe“fi‘n any task that involves comolex e
calcuiations. the examination of aIternatiVes. and the processing of large amounts of
| deta,- Reservoir modeling, based on an increased understanding of reservoir
characterization, is important for the purpose of achie\)ing maximum primary recovery
through efﬁoientﬂ development. Defining reservoir properties from cOm‘outer vproCessing’
of a combination of surface measurements and downhole measnrements are particularly
important. Borehole to borehole and borehole to surface transmission of seismic
lsignals and electrical s"lgna‘ls as well as fomographic probing require extensive. interdis-
ciplinary research utilizing computers.

Advanced‘compuvter technoIOgy is also 'very important for precise engineering
'design and analy5|s for the optlmlzatlon of the well established technology of hydraulic

fracturlng to increase producnblllty More realistic fracture treatment designs and
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better qualrty control are only two of the end results of model vanalysrs by computer
and computer—based monltormg of fracture operatlons in the f'eld

Computerlzed data bases, knowledge bases/expert systems and artlfcral mtelllgence
VWhlch“were'nonexrstent a few years back are playlng an increasing role in both
probabilistic and deterministic solutions to engineering“prob‘le.ms associa‘ted with the ef-
ﬁcienlt development of reservoi'rs.“ The explosive data growth associated with an in-
creasein reservoir characteriz'atiOn ‘necessary to bring maxirnum growth in reserve

~ potential absolutely -requires the use of advanced 'com'put'er technology.
Horizontal Drilling

One of the‘most promising technologies that is currently being brought to bear
on the ei(plo'itation of oil and gas reservoirs“is horizo‘ntal ‘driIIing.v : Although the conf
- cept of vnonvertical‘-or. deviated driIIing“,for exploration' and,‘ exploitation of petroleUm
resourc‘es'has been 'vvithv. us for a long time, horizontal welI drilling (defmed as a
drllled well in which the portron of the weII bore that penetrates the reservoir ‘is
horizontal)' and h,orrzontal. well ,productlon (defined as productron "that is systematlcally
produced through horlzontal wells) had their |mt|al begmmngs in the 1950’ s. Contin-
ued advances in horizontal drllllng and MWD (measurement while drlllrng) technology
%have brought the state-of the art to the pornt that there are now many active and .
proposed prOJects world wrde iincluding several in the Unlted States. |
Horizontal drilling was ﬁrst introduced during the 1950’s by the'Soviet Union and
subsequent activity in the 1960'5» by‘the 'Chinese indicated that horizontal drilling was

technically feasible but uneconomical. = Developments during the 1970's further
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“established the feasibility of the method but it was not until the 1980’s that the eco-
nomic viability of the method began to be established by projects in Canada. ltaly,
Indonesia, and Prudhoe Bay. Today, horizontal holes have been drilled to depths
greater than 10,000 feet and with horizontal lengths as great as 4100 feet. Horizontal
Ien‘gths of 500 feet while not routine do not appear to present any significant techno-
logical drilling or production problems. Ty‘pical Completion practices involve
sidetrackin.g previously drilled vertical holes and producing through uncemented
perforated liners. In “addition production histories from two to five yebars~are now avail-
able to demonstrate the viability of the methodology.

" The basic rationale for adoption of the methodology is that it allows the operator
to modify the drainage geometry through directional control, a modification that is
only partially realized with vertical drilling. It thus allows selective placemeht and ori-
entation of the productive string to take advantage of more favorable zones within the
reservoir. In addition, it allows for an increase in productivity by allowing longer
completion intervals and by aIIowing’ selective placement across latent and preexisting
fracture systems. Thin beds not amenable to vertical completions can be accessed
with the horizontal completion. Producing problems can also be reduced by allowing
the operator to remain further away from fluid interfaces as well as allowing more
complete development of down structure portions of fields.

‘Potential increases in ultimate recovery are one of the most important benefits in
terms of incremental growth in reproducible reserves although there is no current
agreement as to the magnitu‘de of this growth. Horizontal drilling allows the operator -
to target those areas of compartmentalized or bypassed lateral preferred orientation re-
source that might not be accessed with blanket geometric infill drilling. In some
cases, there could even be a potential reduction in the number of wells required to

develop the resource. A better geologic understanding of the lateral heterogeneities
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within the reservoir through the use of horizontal drilling technoiogy allows for better
reservoir management following partial development.

The downside of utilizing horizontal drilling technology is the increased costs and
risks associated with the method. In addition to the possibility of the well bore
exiting the reservoir, there are the increased pressure losses with length, borehole sta-
bility problems; and the increasing risk of losing the well ‘with greater horizontal
distance. Although early attempts at horizontal drilling were marked by costs that
were several times greater than vertical well costs, current technology has brought the
drilling and completion costs down consideraBIy. Although the costs of drilling and
completing a horizontal hole are 30% - 100% greater than the costs of drilling and
completing a vertical hole the productivity increases documented on projects to date
suggest a pfoductivity increase of 2 to 6 times that of a conventional vertical comple-
tion. This increase in productivity certainly impacts the economics of a project in a
positive manner. 4

Not all reservoirs are suited to use of horizontal drilling technology. Reservoirs
with strong compartmentalization tendenéies due to reservoir rock heterogeneities are
certainly excellent candidates along with reservoirs with widely spaced vertical fractures
and reservoirs with thin pay zones. Among the unconventional gas sources, the
fractured tight gas sand reservoirs and coalbed methane reservoirs are certainly
candidates for the technology. On the other hand hombgeneous reservoirs, réservoirs
with thick pay zones, and reservoirs with dense intense fracturing are less likely
candidates.

Certain research needs still remain with this promising new technology. It is ob-
vious that we need a more complete and better understanding of reservoir
heterogeneities if we are going to target the ideal portions of a reservoir for exploita-

tion. The flow characteristics of a horizontal completion are largely unknown and

)
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therefore a predictable flow model has not yet been developed. The optimal length of
the horizontél Borehole must be determined to maximize production and minimize risk.
The further development of measurement while arilling (MWD) techniques and the de-
| velopment of simultaneous drilling and casing methodology will serve to further en-

hance the technology.
Measurement While Drilling (MWD) Techniques

An important evolution in drilling involves measurements while drilling, i.e. the
downhole measurement ofkimportant parameters and the simultaneoustransmission of
those measurements to the surface while drilling. Although the first batents on such
technology were issued in the 1930's, the methodology has only been commercial for
the last seven years and at the current time, considerable research is being carried
out to further understand and improve available technology.

One of the major benefits of MWD techniques to reserve growthr is its benefit to
directional drilling. Its impact has been significant because of more and better
surveys and better success with downhole motors in directional applications. High
angle/horfzontal wells are particular candidates for this technology because of the im-
portance of knowing the position of the bit relative to the adjacent bed boundaries.
" Oriented formation resistivity or other formation measurements can providé a useful
“measure of relative bit location.

Formation evaluation based on MWD is also proving itself particularly in those
cases where MWD logs have been substi‘tuted»for wireline logs in high angle héles.
The use of multiple logs over a span of time (time lapse logging) constitute an addi-

tional facet to formation evaluation which can contribute to our understanding of the
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TECHNICAL AND ECONOMIC IMPEDIMENTS
TO GAS RESOURCE DEVELOPMENT
(NON-PRICE/SUPPLY/DEMAND DRIVEN)

Introduction

The potential for incremental reserve gfowth in current gas reservoirs analyzed in
this study and the exploration for new gas supplies can only be realized under more
favorable economic conditions than arercurrently extant today. It is recognized that
there is considerable interaction between price, supply, andi demand in setting the tone
for gas resource development. A change in any one of these major driving factors
can impect on the other two, and the overall impact on the supply side can be
positive or negative.‘ Certainly an increase in demand and/or price will have a sigﬁifi-
cant actual and perceptual positive impact on gas exploration and exploitation
activities.

However, even under conditions that can allow stimulation of the supply side, i.e.
increasedrder'nand and/or price, there are certain additional negative factors that can
impede exploration and development programs for br'inging‘ additional gas reserves and
producibility on line. Some of these negative factors are ever present; others can be
~ attributed to the decline in vitality of the oil and gas industry brought on by e*treme
product price erosion in recent years.

A positive move in demand and/or price can serve to overcome, at least in part,
some of these negative factors almost immediately; others will respond only over an
extended period of time and will constitute a drag on any recovery of exploration and
exploitation of additional gas supplies. Some of the :impediments are technical, some
institutional, others economic, and certainly one of the more important is perceptual.

Al are from difficult to impossible to quantify. Nonetheless, they must be taken into
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accou'ht and do represent an inelastic component which may not necessarily respond
“immediately to any positive turnaround in price and/or demand for natural gas. NoneA
of t‘he impediments are in and of themselves necessarily capable of stifling any turn-
around driven by price and/or demand But in a collective sense they do represent an

inhibitor to the magnitude and timing of any recovery.
Drillihg/Production/Service impediments

Any possible pickup in gas demand will definitely P;ave a positive impact on the
service and supply side of the industry. There will, ‘howevér. be a decided reluctance
on the part of this segment of the industry to tool up to a higher level of activity in
the face of recent bpast profitability and the uncertainty of future compensation. In
addition, any major change in the mix of U.S. drilling between oil and gas or a sharp
increase in rig demand will be difficult to meet without shorfages in personnel or
equipment or both. Shallow depth programs will be easier to handle becauselof a
lesser need for specialty personnel but any expansion of deep gas drilling will impact
heavily, particularly in terms of both specialty personnel and tubular goods.

In a recovery mode the most likely constraint will be one of personnel. Overall
employment in the service sector has fallen from an early 80's peak of over 475,000
“to a 1987 low of slightly more than 200,000. While the drop has not been as severe
from a percentage standpoint in the drilling/production sector (275,000 to just over
200,000). this is still a significant decrease. Specialized. personnel such as mud
engineers, directional d‘riIIers and measurement-while-drilling (MWD) engineers will par-
ticularly be in short supply. This shortage of specialty personnel will be even more
acute in the p;esence of expanded deep gaé drilling because of the need for more ex-

pertise.
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Specialty personnel shortages will take longer to eliminate than will potential
materials shortages. Many companies will find it difficult to justify the wage
increases needed to attract new employees under current economic conditions. No
doubt part of the problem can be alleviated by shifting personnel or by hiring
consultants but certainly any kind of vigorous recovery will result in shortages of ade-
quately trained individuals.

Potential materials shortages will not likely persist as long as personnel shortages

but there is, nonetheless, reason for concern. Although there is currently a surplus of

both onshore and offshore rigs which is expected to hold for the next year or two,

there may be some regional shortages of quality rigs. Of more concern is the
potential lack of spare parts for both current and future operating rig requifements.
Many spare parts manufacturers have closed their doors ahd those ‘that remain can
now operate at only a fraction of their previous level. Tubular goods are also likely
to be in short supply in the future and the supply of serviceable used drill pipe is es-
sentially gone. New supplies of drill pipe are tight at the present time and can only

be alleviated by some confidence in a significant pickup of drilling activity.
Economic Impediments

There are several real and/of perceptual economic impediments to bringing addi-
tional supplies of gas on line. These impediments, are, in most cases, a holdover
from the severe economic depression that the oil and gas industfy has undergone dur-
ing the last few years. The net result is that even if we hav‘e a sharp positive turn-
around in price of product, there may be a delay in the ability of the financial infra-
structure to reépond to any increased activity.

‘Of concern, particularly to the smaller independent operators, is the negative
effect of the 1986 tax reform act on outside investors. Basically the independent is
now faced with a more restrictive tax code for both retiring debt and raising outside
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: capital. Passive loss rules ha\re .seVerer curtailed the use of limited partnerships to'
" raise money and aIthough several new |nnovat|ve vehlcles for ralsmg money have
surfaced the restrlctlons are such that thelr magnltude |s but a fraction of what |tr'
was in the past and in addltlon can only be directed toward certain projects. Flnally
~ there is con5|derable competltlon for mvestment funds by other segments of the" econ-
omy which are currently more robust than the oil and gas industry. ’ Bank'rfundmg is
also. now more restrictive‘than in the past. Not only is‘—most of the available bank
funding conc‘entra_ted on the Iarge stable borroWers, but also the c’oIkIate_raI requirements‘
are considerably ,mo’re‘string‘ent‘. All of “the above factors could serve as a drag on
“any price‘ or demand driven explOration or exploitation acti'vityv, aimed at bringing addi-
tional reserves _on line. | | |
| An additional problem which is difﬁcult to deﬁne but nonetheless vreal is the per—‘
ception that the oil _and gas industry is no\longer very successful in their exploration -
prograrns. Part of this p:erception‘can be directly reIated.‘ to the marginal qualify of
some of the prospects driIIing during the iatter part o>f1 the "boom” period. partly from
the fact that indeed large accumulafions are becoming harder to find _donaestically. and
partly from the'unrealistic_ﬁnancial projectionslthat were factored intO‘past‘ exploration
‘progran15 and probabilityfof success ratios. ‘The net result of this perception is that
the wrde appeal that oil and gas had to mvestors has “‘now been diminished “and the
’ pool of avallable dollars has shrunk In-an mdustry which depends heavily on:both
‘ borrowed and outside mvestment dollars for |ts “day to day operat|ons the |mpact can

be srgnlfcant
Regulatory and Institutional Impediments

It is’recognized'* that Federal and state regulations, contractual obligations and

abrogations, access to pipeline transport. etc. can serve as additional impediments to
’ ? . “ -
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the timely and efficient development of gas resources. H_owever'v. these complex
subjects while very important are considered to be peripheral to the assessment of gas

 resource potential »wh‘ich is the main thrust of this study.
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RESOURCES AND PRODUCTIVE CAPACITY:
QUESTIONS OF DELIVERABILITY

In addition to the assessment of natural gas resou‘rces it is important to consider
-}productive capacity and our capability to move gas to market. It appears tﬁat it
would be appropriate to conduct a survey of productive capacity and then update that
survey periodically. Specific parameters and approaches to that survey are not

delineated herein, but the survey should at least consider some major areas of study:

1. Analysis of peak load demand requirements. There should be measurement of

supply requirements to meet normal peak load demand during the calendar

year.

2. Survey of storage reservoir capacity throughout the nation. Storage

deliverability should be measured and compared with total industry
deliverability as well as in terms of excess producibility needed for peak load

requirements.

3. Renewal of R/P ratio studies conducted by the Federal Power Commvission.

Technological advances in improved deliverability should be reviewed and
compared with traditional maximum efficient recovery requirements that serve

conservation objectives.

4. Determination of the likely supply path for casinghead gas and its expected

availability. Considerations should be made of how future oil production levels

impact associated gas supply.
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A study of these parameters would clearly be useful in assessing gas availability
~in the marketplace and could effectively complement the understanding of gas resource

distribution gained in this assessment.

126



	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



