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a depth of 3,000 ft, 12-year well life, assumed 10
percent production decline rate, and 90 percent
success rate). This was done by the following
method:

1. Using county-by-county coal resource esti-
mates, a distribution of the coal-in-place re-
source according to seam thickness was con-
structed for each grade of coal. The distribu-
tion for bituminous coal is shown in figure
50 as a plot of cumulative coal-in-place v.
minimum total seam thickness.

2. By examining data on production rates per
foot of seam thickness for existing wells, val-
ues of 3 MCF/D/ft (bituminous), 1.2 MCF/D/ft
(subbituminous), and 0.6 MCF/D/ft (lignite)
were estimated for the production rates per
foot from the coal resource in place. Then,
for each grade of coal, minimum total seam
thickness was converted to minimum “per
well”production rate. This rate can, in turn,
be converted into minimum gas price nec-
essary to pay for the well.

3. It is assumed that gas recovery will be 50 per-
cent of the total gas-in-place in coal seams
satisfying the minimum thickness criteria,
and that a random 10 percent of the coal-
in-place will not be available for drilling.”

8Neither of these values are further substantiated i n the report.

Figure 50.— Estimated Distribution of Bituminous
Coal by Seam Thickness
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Using these values and the assigned values
of gas content (200 cubic feet per ton for
bituminous, 80 CF/t for subbituminous, and
40 CF/t for lignite), cumulative coal-in-place
can then be converted to recoverable gas re-
source.

4. The final result is a relationship between the
recoverable resource and gas price. The esti-
mated recoverable gas resources for three
gas prices, assuming the gas to be used on-
site without compression, are shown in table
59.

The report does not give results for the case
where the gas is scrubbed, compressed, and
gathered for delivery to a pipeline. However,
comparison of plots of gas price v. necessary pro-
duction rates for onsite use and pipeline sales
(figs. 4 and 5 in the NPC report) imply that pipe-
line delivery will add approximately $1.00/MCF
to production costs. The actual effect on pro-
ducer incentives is not clear, however. On the
one hand, it is not uncommon for pipelines to
pay for gathering and compression costs, which
reduces the gas price required by producers to
make a profit. On the other hand, for existing
coal bed methane projects, initial compression
and gathering cost generally have fallen on the
producers.*

Kuuskraa and Meyer®

A large portion of Kuuskraa and Meyer's gas-
in-place estimate of 550 TCF was recognized as
being within coal seams that were too thin or
whose gas content per unit volume was too low
to exploit. Assuming the favorable resource to oc-
cur only in bituminous coal seams greater than
3.5 ft thick and sub-bituminous seams greater
than 10 ft thick, Kuuskraa and Meyer estimated
that about 135 TCF of methane is present in the
most favorable coal seams. The technically re-
coverable resource was determined to be 30 to
45 percent of the favorable resource, or 40 to 60
TCF, based on calculations of the amount of gas

“Vello Kuuskraa, Lewin & Associates, Inc., personal communi -
cation, 1984.

20/ A.Kuuskraa and R. F. Meyer, “Review of World Resources
of Unconventional Gas, " lASA Conference on Conventional and
Unconventional World Natural Gas Resources, Luxenburg, Austria,
june 30-July 4, 1980.
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that would desorb from the coal.” The KM esti-
mate does not specify price constraints, but the
thickness limits used to define the favorable re-
source do appear to imply a price range. Using
basically the same methodology, a predecessor
Lewin & Associates report”projected that 11 ft
thick subbituminous seams in Colorado could be
economically developed for gas production at
$3.00 to $4.50/MCF in 1977 dollars, or about
$5.00 to $7.00/MCF in 1983 dollars. Consequent-
ly, it seems likely that most of the 40 to 60 TCF
of technically recoverable gas could be economi-
cally recovered at gas prices of $5.00 to $7.00/
MCF (1983%).”

Gas Research Institute*

GRI estimated recoverable gas resources by
polling experts to determine how much gas they
thought was present at various price levels, using
existing or advanced technologies. The results of
this poll are given in table 59.

Estimate Comparison and Uncertainties

In general, the estimates of recoverable re-
sources are quite similar, with the exception of
the pessimistic NPC estimate for moderate priced
gas (2.5 to 5.0 TCF at $2.50/MCF in 1979%$ or
$3.35 in 1983$). For high-priced gas, in the range
of $5.00 to $10.00/MCF (1983%), a range of 20
to 60 TCF of recoverable gas would appear to
agree well with all three studies.

In OTA’s opinion, however, this apparent
agreement should be viewed with caution. Of the
three unconventional resources examined in this
report, coal seam methane has the least produc-
tion experience and the poorest data base to
guide recoverable resource estimates. As a result,
the two studies that used an analytical approach
to estimating the recoverable resources—NPC
and Kuuskraa and Meyer—use very broad assump-
tions and may be subject to considerable error,

21bid.
22| ewin & Associates, Inc., Enhanced Recovery of Unconventional

Gas, op. cit.

BConfirmedby Vello ku uskraa, Lewin & Associates, Inc., per-
sonal communication, 1984.

24Gas Research [nstitute, Position Paper; Unconventional Natu-
ral Gas, may 1981.

The NPC report has made several assumptions
that appear vulnerable to error. For example, the
assumption of a 50 percent average recovery of
the gas-in-place appears to be unrealistically high.
Seams in the Black Warrior Basin in Alabama cur-
rently being developed by U.S. Steel do appear
to have a potential recovery of about 50 per-
cent,”but this area is one of the best methane
prospects at present. A second assumption, that
historic values of production rates per foot of
seam thickness can be used to project future pro-
duction rates, is probably too pessimistic. The
NPC report notes that they had been told that
future close-pattern drilling will be more produc-
tive than existing wells, which for the most part
are isolated and do not represent efficient gas
recovery. Recent performance data and research
results appear to verify this production behavior
(see discussion on Production Methods, above).
Another problem with the use of the historic data
is that the values of production per foot of seam
thickness vary widely and randomly both be-
tween and within separate coal beds. In the lim-
ited sample obtained by the NPC, production var-
ied between O and 12.3 MCF/D/ft.* This wide
variation implies that the use of an average can
introduce substantial error into the calculation.

The NPC also has assumed that a well's gas pro-
duction will experience an exponential decline
from its initial flow rate. In reality, flow rates often
have been observed to increase over a period of
time as water drawdown increases the reservoir
rock’s relative permeability to gas and decreased
pressure increases resorption from the coal sur-
faces. Figure 51 shows plots of production rates
over time to illustrate this phenomenon.

The NPC calculations of minimum coal seam
thicknesses for economic gas recovery at various
prices appear to be conservative in comparison
to their own data. For gas prices in the $2.50 to
$5.00 (1 979%) range for onsite use (and, presum-
ably, about, $3.50 to $6.00 for pipeline sale),” the
estimated minimum coal seam thicknesses for

2s\/ello Kuuskraa, Lewin & Associates, | nc. , personal commun -

cation, 1984.
26N ational Petroleum Cou ncil, Unconventional Gas So urces: Coal

Seams, June 1980, table 7.
27Because pipeline salemay require the producer to incur COsts

for compression, 1iquids removal, contaminants removal, etc.
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Figure 51 .—Well Production Histories in San Juan and Other Basins
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bituminous coals range from 45 to 20 ft, cor-
responding to production levels of 135 to 60
MCF/D. The NPC data on actual wells, however,
indicate that seam thicknesses in all cases exam-
ined were less than 25 ft and most were less than
10 ft, with production rates in all cases less than
70 MCF/D. Although the sales price of the pro-
duced gas and the profitability of the wells is not
known, presumably some of these wells are prof-
itable, and it does not seem likely that the prices
paid for this gas could be much above the given
range. This implies that the cost of these wells
must have been lower than the NPC’s calculated
average well costs.

On balance, the examination of uncertain as-
sumptions in the NPC study appears to indicate
that their analysis may have been overly pessi-
mistic.

The Kuuskraa and Meyer analysis differs sub-
stantially from the NPC analysis, especially be-
cause it calculates recovery efficiency from an
analysis of diffusion from the fracture network
rather than assuming a recovery efficiency. This
exposes the KM analysis to some different kinds
of uncertainties than those encountered by NPC.
In particular, as noted in the earlier Lewin re-
port,®the results are extremely sensitive to
assumptions about the fracture intensity in the
seams and the diffusion constant. For example,
for Western coals, a change in the spacing be-
tween vertical fractures, from 1- to 5-ft intervals,
reduces the 10-year recovery efficiency from 30
to 2 percent, essentially eliminating the economic
recovery potential from these coals. Fracture in-
tensity is not well-documented, especially for
deeper coals.

Another potential problem with the KM anal-
ysis is that it is uncertain whether or not its sim-
ple diffusion model adequately represents the ac-
tual physical production mechanism in the coal
seam. For example, the model and associated as-
sumptions imply uniform production behavior
across the seam, whereas in reality production
behavior in existing coal seam methane projects
(i.e., the Black Warrior development) has fluc-

Blewin & Associates, Inc., Enhanced Recovery of Unconventional
Gas, op. cit.

38-742 0 -85 - 16

tuated widely from well to well .29 This implies that
we do not yet fully understand the gas produc-
tion mechanism.

Because of the substantial remaining uncertain-
ties and the lack of recent economic analyses that
could take into account the latest understanding
of the nature of the coal seam methane resource,
OTA is reluctant to project a new estimate of the
recoverable resource, However, in our opinion
the NPC estimates for moderate prices—e.g., 2.5
TCF (at 15 percent rate of return) for gas prices
of $2.50/MCF in 1979% ($3.35/MCF in 1983%)—
are overly pessimistic, and are based on past ex-
perience that does not reflect recent production
capabilities associated with improved operating
practices such as closer well spacing. What is crit-
ically needed is a reevaluation of the economics
of recovering this resource given our better un-
derstanding of the resource and improved pro-
duction methods. Information that would help
such an estimate is a disaggregation of the re-
source base based on gas content as well as seam
thickness. The data collected for the DOE basin
analysis may be sufficient to provide the basis for
a new analysis along these lines.

Annual Production Estimates

Both NPC and GRI calculated annual produc-
tion estimates. NPC estimated annual production
through the year 2000 for both production from
vertical wells and from shafts with horizontal
holes. The vertical well development scenario ex-
tends over a drilling period of 18 years with
recovery of the resource for 28 years. The devel-
opment schedule requires beginning with 80 rigs
the first year and adding 80 rigs in each of the
next 7 years, with each rig drilling 45 producing
wells per year. The resulting annual production
estimates are included in figure 52.

For production from shafts with horizontal
holes, the NPC assumed that 50 shafts would be
drilled in the first year, with a 20-percent increase
in the rate of adding new shafts every year, At
this drilling rate, a 22-year program would be re-
quired to recover the total projected gas resource

29y/e|loKuuskraa, Llewin& Associates, Inc., personalcommun '

cation, 1984.
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Figure 52. —Annual U.S. Production Rates of
Coalbed Methane as a Function of Time—
Vertical Wells
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in a period of 35 years. The annual
rates are depicted in figure 53.

production

GRI used the recoverable resource estimates
acquired from the poll and further assumed pro-
duction and drilling rates. Production rates were
estimated at 30 and 100 MCF/D for existing and
advanced wells, respectively. The number of
wells drilled per year was assumed to be 200 from
1983 to 1986 with a 10 to 15 percent increase
per year thereafter. Utilizing the resource base
as a limit, annual production estimates were cal-
culated. The 1990 and 2000 production estimates
are included in table 60.

The NPC study assumes that the gas price will
increase steadily to $9/MCF (1 979%), Given cur-
rent and expected future market conditions, this
assumption appears unrealistic. On the other
hand, if, as it appears, a majority of the recover-

Figure 53.-Annual U.S. Production Rates of
Coalbed Methane as a Function of Time—
Horizontal Wells
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able resource can be recovered at prices on the
order of $5/MCF (1979%), and if little is required
in the way of technologic advances, increasing
levels of production might still be expected. What
is required is an increased level of producer
interest-interest which at present is constrained
by questions of ownership, mine safety, environ-
mental concerns, and other institutional consid-
erations. Some of these issues are discussed
below.

Legal Constraints

Court decisions to date have attempted to re-
solve several legal questions associated with coal
seam methane production, but without much
success. Previous litigation has centered on the
issue of resource ownership and whether the
methane is a resource in its own right or an in-
trinsic part of the coal. The U.S. Steel v. Hoge
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Table 60.—-GRI Coalbed Methane Annual

Production Estimates (TCF)

1990 2000
Market price Existing Advanced Existing Advanced
(1979%$/MCF) technology technology technology technology
$3.00. ... 0.06 0.22 0.29 0.95
$450. .. ... 0.07 0,23 0.35 1.2
$6.00. . ... 0.07 0.24 0.42 14

SOURCE GRI

case of March 1980 set a precedent on both these
issues. Although lower court decisions deter-
mined that methane is a natural gas occurring in
coal, and that the land owner owns the meth-
ane until the gas rights are released, in Decem-
ber 1983 the Pennsylvania Supreme Court re-
versed that decision, remanding ownership to the
coal owner.

The recovery of coalbed methane on Federal
coal lands also is burdened with unanswered
legal questions. The current position of the So-
licitor's Office of the Department of Interior is that
ownership of a coal lease does not include rights
to the coal bed gas, but that a reservation of gas
does,”and that coalbed gas is leasable under the
oil and gas leasing provisions of the Mineral Leas-
ing Act. This position has not been tested in the
courts, however. Drilling permits for coal seam
methane recovery have been issued, although
administrative delays are a problem.

Environmental Constraints

The primary environmental issue associated
with coal seam methane production is disposal
of the water produced with the gas in those coal
seams characterized by high water contents.
Since dewatering is a primary production require-
ment, large volumes of water must be pumped
from the subsurface. The quality of the water
varies from slightly acidic to slightly alkaline
depending on the site location. The environ-
mental regulations of the State determine wheth-
er the water must be treated, and such decisions
will influence the economic viability of the re-
covery project.

A gerailea Summaryofthelegal situation 1s presented in). H.
Kemp, "Coalbed Gas: Recent Developments in the Ownership and
Right to Extract Coalbed Gas, " The Landman, November 1982.

Institutional Barriers

There are other factors that will influence the
contribution of coal bed methane to future
supply. nstitutional barriers characteristic of the
coal industry will deter or possibly preclude pro-
duction in some instances. A primary institutional
barrier is the lack of interest exhibited by the coal
companies. According to industry analysts, since
the companies’ primary interest is coal mining,
they tend not to want to become involved in the
more long-term nature of the methane produc-
tion industry, particularly when the economics
are marginal. in‘estment incentives may be re-
quired to create interest in producing the meth-
ane rather than venting. Alternatively, if new anal-
yses demonstrate a real economic advantage to
producing gas prior to mining, the coal industry
may become more interested in overcoming
problems created by the mining schedule. One
problem with degassing prior to mining is the
short time period between the beginning of gas
production and the mine opening that has often
been allowed. Numerous wells are required, in-
curring high capital costs which cannot be re-
couped without a longer production period.

Another institutional barrier to production is the
strong concern with worker safety associated with
coal mining. The issue of whether stimulation
causes unacceptable damage to the mine ceil-
ing has not been resolved. The Bureau of Mines
initiated a program at four sites to determine the
effects of stimulation. Due to various problems,
however, work was completed at only one site.
The site evaluation indicated that there were no
adverse effects on the mining operation, but the
limited extent of the test precludes extrapolation
of the results to other sites. No firm evidence ex-
ists to link stimulation effects to mine collapse at
numerous other operating facilities, but until the
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technique is proven not to cause damage, many
companies will be reluctant to invest.

In OTA’s opinion, the above uncertainties,
coupled with the technical and economic uncer-
tainties mentioned in the discussion of recover-

able resources, imply that the current production
projections are not adequate, and effort should
be focused on establishing a new, more scien-
tifically based estimate of the potential contribu-
tion of coal seam methane to future U.S. gas
Supply.
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Appendix A

Calculation of Additional Reserves From
Increased Gas Recovery in Old Gasfields

OTA calculated the effects of higher gas prices on
gas recovery in “old” gasfields by modifying a previ-
ous analysis of those effects conducted by the Shell
Oil Co.'The OTA analysis is discussed in detail in a
recent OTA staff memorandum and is summarized
here.

The analysis focuses on the expansion of “old gas”
reserves, which are defined here as all reserves that
do not qualify for “new natural gas” status under the
Natural Gas Policy Act (NGPA). In general, old gas
is gas in reservoirs that were discovered (and reserves
reported) prior to about mid-1977; however, the pre-
cise boundaries are more complicated than this.

Shell’s Analysis

The Shell study assumed that all old gas would re-
main at low prices under the NGPA and would rise
to $3.50/MMBtu, the assumed free market price,
under a price decontrol policy. Shell calculated the
effect of a $3.50 gas price on recovery in the Nation’s
old gasfields by the following method:

1. Calculate the Nation’s “responsive reserves,” that
is, the old gas reserves that might grow if their prices
go up. Some reserves, such as Alaskan North Slope
gas, gas dissolved in oil, and, to a lesser extent, gas
in water-drive reservoirs will not respond much to a
gas price increase and were not included in the anal-
ysis of reserve growth. For example, gas dissolved in
oil is responsive primarily to oil prices, because the
value of the oil in the reservoir far outweighs the value
of the gas. If oil prices go up, more oil will be pro-
duced and thus more gas will be co-produced with it.

Shell's estimate of responsive reserves in 1981: 115
TCF.

2. Calculate reserve growth in sample fields where
adequate data are available. Shell evaluated the ef-
fects of a price increase to $3.50 on lower abandon-
ment pressures and well reworkings, infill drilling, and
well stimulation for 14 large sample fields. The lower
abandonment pressure calculation involves comput-
ing the gas flow that will produce revenues equal to
operating costs’for the new and old gas prices. The
difference in reservoir pressures corresponding to the

' C S Matthews, Increase !n United States “old” Cas Reserves Due to
Deregulation, Shell 011 Co , April 1983

‘Office of Technology Assessment, Staff’ Memorandum on the Ettects ot
Decontrol on Old Gas Recovery, February 1984

Thisis approximately the abandonment pol nt tor the well, 51 nce profits
are zero at this por nt

“new” and “old” flows, and the additional reserves
corresponding to this pressure difference can then be
calculated by using the physical gas laws. The infill
drilling calculations were made using reservoir simu-
lation and extrapolation from previous infilling experi-
ence. The well stimulation calculations are based on
an engineering judgment that an additional 1.5 per-
cent can be added to ultimate recovery by this means:

Reserves remaining in sample fields 41.3 TCF
Reserve growth, lower abandonment pressures

and well reworking 9.6 TCF
Reserve growth, infill drilling 7.6 TCF

Reserve growth, well stimulations = 1.5 percent of ultimate
recovery”’

3. Scale up the sample results to the Nation, assum-
ing that, except for well stimulations, the results will
scale by the ratio of the remaining reserves:

Scaling factor = 11 5/41.3 = 2.8

National reserve growth for lower abandonment pressures and

well reworkings = 9.6 X 2.8 = 27 TCF

National reserve growth for infill driling = 7.6 X 2.8 = 21 TCF
By examining available production records and esti-
mates of remaining reserves, Shell estimated that the
ultimate recovery represented by the 115 TCF of re-
sponsive reserves is 475 TCF, thus:

National reserve growth for well stimulation =

0.015 x 475 = 7 TCF
Assuming that 3 TCF of the infill drilling would occur
anyway at presently available prices (an incentive
price of $2.75/MMBtu in mid-1983),

Total national reserve growth due to higher prices =
27 + 21 + 7 -3 = 52 TCF

OTA’s Modifications to Shell’s Analysis

OTA has made a number of modifications to Shell's
original calculations based on a detailed review of
Shell's methodology, an evaluation of alternative data
sources, a review of literature on infill drilling and
other topics related to gas recovery, and a number
of telephone interviews with geologists and petroleum
engineers. The most important of the modifications
are:

1. Scaling to the Nation. OTA determined that an
appropriate scaling factor should be related as closely
as possible to the original volume of gas in the fields.
The basis of Shell's scaling factor, remaining reserves,
is tied closely to the production history of the fields.

“Ultimate recovery = cum u lativ e production plus remain ngresen es

227
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Ultimate recovery, on the other hand, is more directly
related to the original gas volume and is a more appro-
priate basis for the scaling factor. Using Shell’'s own
calculations, the use of ultimate recovery as the basis
for the scaling factor yields an increase in the expected
national reserve growth of 36 percent (all else being
equal).

2. Responsive reserves. As noted above, Shell as-
sumed that all old gas would remain at low prices
under the NGPA, so that, for the calculation of respon-
sive reserves, Shell estimated the total old gas reserves
and subtracted only those reserves that would be
physically unresponsive to higher prices. However,
the NGPA provides for the decontrol or price escala-
tion of most old intrastate reserves by 1985, and the
decontrol by 1985 or 1987 (depending on depth) of
all gas from infill wells in old intrastate fields. Conse-
guently, these reserves will receive a high decon-
trolled price whether or not any additional decontrol
measure is passed, and thus are not “responsive” to
such a measure . . . . they should be subtracted from
Shell's calculated responsive reserves. Shell also made
some minor errors in its original calculation of total
old gas reserves; it treated all “extensions” added to
reserves since 1977 as old gas, whereas some of these
reserves qualify as “new” NGPA Section 102 gas and
should have been excluded from the calculated total
of old gas reserves.

Data on the amount of reserves in each NGPA cat-
egory are not available. OTA used data on reserve
volumes in interstate and intrastate commerce, in-
terstate pipeline purchases by NGPA category, and
limited production data by NGPA category to estimate
the volume of old gas reserves in each category, and
the volume of responsive reserves. Our estimate of
responsive reserves was 63.4 to 71.4 TCF for lower
abandonment pressures and well stimulations, and 59
to 66 TCF for infill drilling, as compared to Shell's 115
TCF estimate for each category. Consequently, all else
being equal, Shell’s results are overstated by the ratio
of “incorrect” to “correct” reserves, or by a factor
of about 1.6 to 2.0.

3. Abandonment pressures. Shell’'s estimates of the
current abandonment pressures in its sample fields
generally are considerably higher than the estimates
of alternative analysts, for example, the American Gas
Association’s Committee on Natural Gas Reserves. A
higher current abandonment pressure implies a larger
growth potential, so applying the alternative, lower
pressures would yield a lower estimate of the addi-
tional reserves available from the growth of older
fields. Specifically, applying the alternative pressure
estimates in those fields where such estimates are
available more than halves the estimates of growth po-
tential, from 8.1 TCF to 3.0 TCF. The uncertainty asso-
ciated with these alternative abandonment pressure
estimates was factored into OTA’s estimates of field
growth potential.

4. Infill drilling. A key point of contention with
Shell’'s analysis of infill drilling is the extent to which
the potential reserves may be available at today’s
prices without any legislative changes. Shell's predic-
tion that only 3 TCF of a 21 TCF potential would be
forthcoming at today’s prices is based partly on its
assumption that the low level of infill drilling activity
of the past few years must reflect a lack of economic
prospects. However, a variety of factors other than an
inadequate price may have played a role in the cur-
rent inactivity. These factors include the current gas
surplus, opposition by pipelines or consumers, s op-
position by other producers in the same field,’and
State prorationing rules that prevent producers from
increasing production rates. OTA's discussions with
producers have lead us to believe that more than 3
TCF of the total infill potential would eventually be
drilled at current prices. The range of infill potential
in Scenario 1 reflects the possibility that as much as
one-third of Shell’s “after decontrol” infill potential
could occur eventually without any further legislative
change.

SBec a use the current infill Incentive price of about $2 .85/MMBLtu applies
to all gas from the infill well, Including gas that could have been produced
from adjacent wells at a lower price.

6Because the potential for drainage across the field means that the other
producers would have to infill also or face the loss of some of their gas.



Appendix B
Fracturing Technologies

Introduction

A characteristic of “unconventional resources” is
that, while increased prices generally are an impor-
tant condition for full commercialization, new tech-
nology developments are also required. In the long
run, technology may have more impact than price on
the amount of gas recovered. Studies of unconven-
tional resources that OTA has reviewed have con-
cluded that the amount of gas that could be produced
with existing technology at prices considerably higher
than today’s is less than the amount of gas that could
be produced with advanced technology at current
prices for new gas. For example, the National Petro-
leum Council’s tight gas study estimates that more gas
can be produced for $3.00 per thousand cubic feet
(MCF) with advanced technologies than can be pro-
duced for prices up to $9.00/MCF using base case
technology. In response to this perception, a consid-
erable amount of Government and industry research
effort has gone into developing more advanced tech-
nologies for unconventional gas recovery,

In the past 5 years the state of technological devel-
opment has advanced. With and sometimes without
additional Government financing, producers have
been willing to try innovative approaches. Neverthe-
less, a high failure rate still exists in probing certain
types of unconventional gas formations. The follow-
ing discussion describes successful new developments
in fracturing technologies and delineates areas where
work remains to be done. This appendix will serve to
give the reader more insight into the validity of the
assumptions used in the various estimates of recover-
able resources and production potential.

New Technology Developments
in Fracturing

The objective of fracturing a low-permeability reser-
voir is to increase the surface area of the formation
that is in direct contact with the well bore. The pres-
sure gradient between the lower permeability forma-
tion and the higher permeability fractures is the driv-
ing mechanism for the gas flow. Thus, the greater the
area over which such a gradient can be established,
the larger the volume of gas flowing at a given point
in time.

Technologies for fracturing gas reservoirs are not
new. Explosives have been used in Devonian shales
since the late 1800s. Detonation of explosives shat-
ters the rock immediately around the well bore, effec-

tively increasing the well bore diameter. A large-scale
variation on this theme was tried in the late 1960s in
tight sandstone formations using nuclear explosives.
The generally unsatisfactory results (possibly due to
melting of the reservoir rock from the heat of explo-
sion or permeability damage due to compaction of
fine particles) and the lack of public enthusiasm for
potentially radioactive gas put a quick end to this
program.

Hydraulic Fracturing Technologies

Hydraulic fracturing is the most commonly used
fracturing technology today. The concept was first de-
veloped in the 1940s for use in conventional oil and
gas reservoirs. In the early 1970s producers began to
increase the size of the fracture treatments to gener-
ate longer fractures, on the order of 1,000 ft in low-
permeability sandstones.'This technique, known as
massive hydraulic fracturing (MHF), is now a common
means of well completion in the tight sand formations,
although it is certainly not applicable in all cases.
Devonian shale and coal seam reservoirs use more
conventional size hydraulic fracture treatments to
create fractures ranging from 100 to 500 ft. Fractures
in these types of reservoirs are designed to intersect
natural fractures, which serve as the primary pathways
for gas flow.

Hydraulic fractures are created by pumping large
volumes of fluid down the well bore. The fluid exerts
pressure on the rock formation, eventually creating
a fracture. Fluids generally carry proppant materials,
such as clean coarse sand, which are left in the frac-
tures and hold them open when the fracturing fluid
is removed. The induced fracture has a considerably
higher permeability than the surrounding formation.
Hydraulic fractures tend to be unidirectional, gener-
ally extending out as wings in opposite directions from
the wellbore. By convention, their length is measured
along one wing. Their direction and orientation (ver-
tical, horizontal, or inclined) are controlled by the re-
gional tectonic forces and the depth of the target for-
mation. Most fractures at depths greater than 2,000
ft are oriented in the vertical plane. Figure B-1 sche-
matically represents a hydraulic fracture.

Major research efforts in fracturing technology have
focused both on increasing the fracture length and

'C.R. Fast, G. B.Holman, and R. j. Corlin, “The Application of Massive
Hydraulic Fracturing to the Tight Muddy | Formation, Wattenberg Field, Col-
orado, " Journal of Petroleum Technology, January 1977, pp. 10-16
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Figure B-1.—Conceptual Fractures Created by Massive Hydraulic Fracturing in
‘Blanket and Lenticular Formations
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solving some of the problems that reduce the effec-
tiveness of the fracture in increasing rates of gas flow.

Maximizing the effective length of a fracture is not
simply a function of increasing the volumes of fluid
pumped into the well bore. One must make sure that
the proppant is transported to the end of the fracture,
and effectively holds the fracture open once the frac-
turing fluid is removed. Other problems that must be
overcome include minimizing damage to the forma-
tion caused by the fracture fluids and containing the
fracture within the “pay interval,” the layer where gas
is present. If the fracture intersects a permeable zone
that allows the fracturing fluid to “leak off’ at a high
rate, further penetration of the fracture may become
impossible because the fluid loss prevents further pres-
sure from being built up.

Each of the objectives of fracture research will be
discussed in turn:

Maximizing High Conductivity Fracture Length.—
Accomplishing this objective involves choosing appro-
priate fracture fluids and proppants. The proppants
should be strong enough not to crush as the fracture
closes, and of sufficient diameter to overcome any
tendency to become embedded in the formation.
Also, they must be light enough to be carried by the
fracturing fluid to the design fracture length without
settling.

Conventional practice is to use clean rounded sand
as the proppant material. It is the least expensive prop-
pant and, at shallow and intermediate depths, has suf-
ficient strength to hold the fracture open without
crushing. At greater depths where closure pressures
are higher and proppant crushing prevalent, a stronger
material is needed.’Producers most commonly use
sintered bauxite under these conditions. However,
bauxite has two drawbacks—high cost and high den-
sity. Because of the latter, it is difficult to transport the
bauxite particles to the end of the fracture. Service
companies are rapidly developing alternate interme-
diate and high strength proppant materials. A num-
ber of these materials, including ceramic beads and
resin-coated sands, have lower densities than baux-
ite and appear to have sufficient strength for most frac-
ture applications. More work needs to be done to de-
velop materials with densities lower than sand and
adequate strength to maintain high fracture conduc-
tivities.

The need for a fracture fluid with a high capacity
to carry proppants in suspension has led to the de-
velopment of very sophisticated fluids. These include

2R. A. Cutler, D. O Enniss, A. H Jones, and H. B. Carroll, “Compa risen
of the Fracture Conductivity of Commercially Available and Experimental
Proppants at Intermediate and High Closure Stresses, " SPE/DOE Symposium
on Low Permeability Gas Reservoirs, SPE/DOE 11634, 1983.

water- and hydrocarbon-based polymer liquids and
gas-charged emulsions and foams.

The water-based fluids use organic polymers for fric-
tion reduction, fluid loss control, and viscosity en-
hancement. The polymers are long chains of organic
molecules which bond loosely with the water, form-
ing gels. The resultant fluid is thicker than water and
has a higher surface tension. It flows with less tur-
bulence, can suspend greater volumes of proppants
and does not leak off into the formation as rapidly as
pure water.

Probably the most significant technical development
in fracturing fluids is the process of cross-linking.
Cross-linking is a chemical reaction which bonds
polymer chains together, effectively increasing the
viscosity of the fluids as much as an order of magni-
tude. The reaction is timed so that cross-linking oc-
curs just as the fluid arrives at the fracture entrance.
The increased pressures required to pump the thicker
fluid will widen the fracture and the enhanced viscos-
ity can carry the proppant greater distances. At the
end of the treatment the fracture fluid warms up to
the higher reservoir temperatures and the cross-linked
polymers break down. Now significantly lower in vis-
cosity, the fluid can leak off into the formation or flow
back out of the wellbore, leaving the proppant in place.

Hydrocarbon-based fracture fluids behave similarly
to water-based fluids and can also be cross-linked.
They are used in instances where water-based fluids
are likely to cause significant formation damage—as
in the presence of water-sensitive clays. However, in
gas-bearing reservoirs the introduction of a third phase
(oil, in addition to gas and water) may further impede
the flow of gas in the formation.

Minimizing Formation Damage.—In addition to
fluids designed to improve proppant transport, more
exotic fracture fluids have been designed to address
the problem of formation damage. Fracture fluids have
been a major factor in causing formation damage.
Fluid leak-off into the formation can block pores, espe-
cially if the gels are not completely broken down. in-
troduced fluids can also cause clays to swell, or dis-
lodge fine particles to block pores.

All three types of unconventional gas reservoirs are
susceptible to formation damage. Devonian shales
may be the most affected because they have naturally
low water content and high clay content. Devonian
shales have, as a consequence, served as a testing
ground for a number of the new fracturing fluids.

Many of the fluids developed to minimize forma-
tion damage use a gas phase to reduce the amount
of water required. Foamed fluids are gas-in-water
emulsions, where the surface tension of the bubbles
holds the proppant in suspension. Such fluids cannot
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transport large volumes of proppant long distance—
they are generally used for shorter fractures. Nitrogen
(N,) is the most common gas used in foamed fluids,
although CO,can also be used. Producers are experi-
menting with increasing the percentage of gas from
75 to 90 percent of the total fluid volume.

Pure N,has also been used as a fracturing fluid. It
is not an efficient fracturing fluid as it requires very
high injection pressures. However, nitrogen fractur-
ing has proved very effective in increasing gas flow
because it does not adversely affect the formation. Ni-
trogen gas cannot carry proppants, therefore it is only
effective at shallow depths where the fractures are less
likely to close. Whether wells fractured with nitrogen
will maintain higher production levels over the long
term is still unknown.

Some wells have been fractured using liquid CO,,
which has the ability to transport proppants. As the
liquid CO,warms, it reverts to the gas phase and easily
flows back out of the hole with minimal damage to
the formation. Liquid CO,fracturing is a relatively ex-
pensive process and somewhat more dangerous to use
than foamed fluids, In addition, the casing and pump-
ing materials must be capable of withstanding very low
temperatures.

The tradeoffs of minimizing formation damage,
transporting proppants, and containing costs all en-
ter into the decision of which fracture fluid is used.
Generally, an important element in the decision
should be laboratory compatibility tests between for-
mation cores and the proposed fracturing fluids, which
can identify potential damage problems.

Containing the Fracture within the Pay Interval.—
As a fracture propagates outward from the wellbore
it may also grow vertically up or down, Vertical growth
occurs at the expense of lateral growth, thus reduces
the effective length of the fracture for the same vol-
ume of fluid pumped. Those portions of the fracture
which extend above and below the gas-producing in-
terval are essentially wasted; also, they may extend
into water-bearing strata which will adversely affect
gas flow.

It has been recognized in the last few years that the
main factor controlling containment of a fracture is
the difference in the stress characteristics of the rocks
making up the producing and nonproducing zones.
The stress on the rocks, or “in-situ stress,” is a func-
tion of the mechanical properties of the rock and the
regional stresses acting on the rock. Thus, the same
type of rock at different locations or depths or in dif-
ferent tectonic environments may have different in-
situ stress characteristics. A sand-shale interface in the
Cotton Valley Sands may effectively contain a fracture
within the sand zone. A fracture in the Piceance Basin

may break through a similar sand-shale interface. Sim-
ilarly, different rocks will have large differences in their
mechanical resistance to fracturing and thus require
substantially different applied pressures for fracturing.

No commercially available technologies exist today

that successfully deal with fracture containment. Some
recent research efforts have focused on developing
innovative techniques to control the growth of frac-
tures out of the pay zone. GRI is testing three ap-
proaches:®

* Fracture initiation placement-the well casing is
perforated above or below the pay zone allow-
ing the fracture to grow vertically into the pro-
ducing interval. A field test of this technique was
performed in July 1983.4 Preliminary results in-
dicate increased flow but further cleanup is nec-
essary before final results can be assessed.

+ Controlled process zone-the fluid viscosities
and pumping rates are controlled to get prefer-
ential initial leak-off in the pay zone. This should
result in more penetrating rather than taller frac-
tures. This technique is still being tested in the
laboratory.

* Lightweight additives—impermeable floating
proppants are used to seal off upper, non-produc-
ing portions of the fracture. Appropriate proppant
materials are currently being tested.

Predicting and Monitoring Fracture Behavior.—
Another important research objective in improving
fracturing technology is to develop techniques to pre-
dict and monitor fractures. To know in advance how
a fracture is likely to perform or to be able to tell in
the field whether a fracture is conforming to design
parameters increases the chances that stimulation will
be successful. Furthermore, as fields become more de-
veloped, it is important to know the direction and
length of a fracture, and thus the drainage area of a
well in order to minimize interference from subse-
guent wells. Fracture diagnostics probably is one area
where the most innovation has occurred in the last
few years.

Predicting fracture behavior.—State-of-the-art pre-
diction of fracture behavior comes mostly from for-
mulation of sophisticated mathematical models and
comparison of the model results with results of lab-
oratory experiments. There has been little field verifi-
cation because of the cost and technical difficulty in-
volved in obtaining a detailed picture of the physical
results of fracturing.

3*GRI’s Unconventional Natural Gas Subprogram, " Status Report, Decem-
ber 1982.

4“New Fracturing Technique Undergoing Tests, " Oil and Gas Journal, Aug.
8, 1983.
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Current practice in the field is to use relatively sim-
ple analytical models against which to compare frac-
ture behavior, proppant placement, fracture length,
and well performance. Two commonly used models
are the Perkins and Kern model and the Gertsma and
De Klerk model. The first is considered by some prac-
titioners to be the more reliable model for fractures
extending laterally without significant increase in
height, with the second more reliable for short frac-
tures with length to height ratios less than one.”

More sophisticated models are being developed to
deal with more complex situations such as fracture
propagation response to changing stress fields, or
intersection of an induced fracture with a natural frac-
ture. Such models have been used occasionally to de-
sign actual field stimulations where preliminary inves-
tigation indicates a simplified model would give
inadequate or misleading results. Use of complex
models for field design is limited at present due to high
costs, time required to run the simulations, and prob-
ably most importantly, inadequate input data. At pres-
ent these models are mostly used as controls for design
of experiments and for comparison with experimental
results. The extent to which experimental results re-
produce the simulated results both confirms the valid-
ity of the simulation and identifies the controlling pa-
rameters.

Laboratory experiments are conducted to observe
fracturing behavior under controlled conditions. In
these experiments, scale models are used to simulate
field conditions. For example, a block of reservoir ma-
terial can be placed in an experimental apparatus
which can reproduce confining pressures and temper-
ature conditions of the actual reservoir. Fluid is
pumped into a hole drilled into the block, inducing
a fracture. Sensors monitor strain buildup and release.
Finally the fractured block can be sectioned to observe
the fracture configuration. Experimental conditions
allow certain variables to be held constant while
others are varied to determine the effect each has on
the fracture, One set of experiments was run to ob-
serve induced fracture behavior in the presence of an
existing fracture system.’Results indicated that an in-
duced fracture would cross an existing fracture only
at high angles of approach (i e., close to perpendicu-
lar) or if the stress field created a strongly preferred
fracture orientation. Otherwise the preexisting frac-
tures would open, diverting fracture fluid and stop-
ping the induced fracture from propagating.

‘Johnston & Associates, Inc., “The Status and Future of Production Tech-
nologies for Gas Recovery From Devon lan Shales, OTA contractor report
No, 333-6810

¢). w. Crafton, “Fracturing Technologies for Gas Recovery From Tight
Sands, " OTA contractor report, 1983

The major problem with laboratory experiments is
determining whether the laboratory conditions are
truly representative of the reservoir environment. it
rarely is clear whether the small-scale laboratory frac-
ture would behave in the same fashion if it were in-
creased to field scale. Consequently, the next step in
predicting fracture behavior is the field test. Field tests
are extremely expensive, and therefore few have been
conducted. Perhaps the most useful are “mineback”
experiments which excavate and expose an induced
fracture, allowing comparison of actual behavior with
predicted behavior and physical measurement of the
rock, fracture, and fracturing materials.

Successful field-scale experiments of massive hy-
draulic fractures have been conducted at the Nevada
Test Site in volcanic rocks.’These rocks are not par-
ticularly characteristic of tight sandstone reservoirs but
the experiments still provided useful and frequently
applicable information. One significant result indicates
that fracture tortuosity (irregularities of the fracture
path) significantly increases the pressure gradient in
the fracture, leading to wider than predicted fractures.’
Other studies demonstrated the mechanics of fluid
leak-off and sand distribution.

Because of their expense, mineback experiments
are no longer being conducted by the Department of
Energy (DOE) or GRI.”Instead, field testing for under-
standing fracture behavior is focusing on experimental
well tests. These tests rely on sophisticated in-well
measurements to infer fracture behavior in contrast
to the direct observations possible with minebacks.

The largest scale well test at present is the DOE
Multiwell Experiment (MWX). This test consists of
three wells drilled in close proximity to each other in
a tight sands field in the Piceance Basin in Colorado.
The multiple wells serve many functions. They allow
collection and correlation of geologic data and pro-
vide testing sites for new logging tools. Perhaps most
importantly, they provide sites to monitor behavior
of fractures induced in one of the wells. A fracture has
been completed in the blanket sand reservoir in this
field and results have indicated the importance of an
existing natural fracture system on fracture behavior
and well performance. Subsequent stimulation treat-
ments are planned to address specific problems of
fracturing in lenticular formations.

’TLB];;I;; An Experimental Study of Interaction Between Hydra ulic-
ally Induced and Pre-Exist 1ng Fractures “ SPE, DOF Unc om entional Gas
Recov ery Symposium, SPE/DOE 10847, 1982, pp 559-562.

8,. R. Warpinski, L. D, Tyler, W. C. Vollenderf,and D. A. Northrup, “ Di-
rect Observation of a Sand Propped H yd rau | Ic Fracture, SandiaNational
Laboratory Report SANDB81 -0225, May 1981.

9,, R Warpinski, “Measurement of Width and Pressure in a Propagating
Hydraulic Fracture, ” SPE/DOF Symposium on Low Permeability Gas Reser-

voirs, SPE/DOE 11648, 1983.
19Charles Komar, Morgantown Energy Research Center, personal commu-

nication, 1984.
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Similar but smaller scale well tests are being con-
ducted in Devonian shales to determine effectiveness
of different types of stimulation in improving reservoir
production.

Monitoring fracture behavior. —Most of the technol-
ogies under development to monitor fractures in the
field are adaptations of existing geophysical and well
logging techniques. They include magnetic, electrical,
and seismic instrumentation as well as temperature,
pressure, and radioactivity measurements (see box B-
1). Some techniques such as temperature and radia-
tion logs are only useful in the immediate vicinity of
the borehole. They indicate fracture height under cer-
tain conditions but not depth of penetration.11 Tilt-
meters and microseismic measurements which record
minute deflections and seismic disturbances caused
by the propagating fracture may be able to measure
fracture direction and total length, but cannot discern
propped (effective) length. Superconducting magne-
tometers may have potential for determining propped
length from magnetic material introduced with the
proppant.*

Most of these technologies are still in the experi-
mental stages. Their depth limitations, sensitivity, and
overall accuracy have not yet been fully evaluated.
Using a number of these technologies together would
probably be the most effective way to collect data on
a fracture®but for practical application would be too
costly.

There are other constraints to widespread use of
fracture diagnostic techniques. For example, adverse
terrain and difficulty in obtaining surface access rights
cause problems for methods which require widely
spread surface arrays of detection equipment.**The
extremely sensitive nature of the instruments and the
necessity of measuring signals that are only margin-
ally discernible above background noise requires very
careful setup and monitoring that may not be achieved
under ordinary operating conditions.

1'C. M. Hart, D.Engi, and H. E. Morris, “A Comprehensive Fracture Diag-
nostics Instrumentation Fielding Program, " SPE/DOE Symposium on Low
Permeability Gas Reservoirs, SPE 11810, 1983, pp. 461-485.

2M.D. Wood, C. W_Parkin, R. Yotam, M. E. Hanson, M.B.Smith,R.
L. Abbot, D. Cox, and P. C) Shea, “Fracture Proppant Mapping by Use of
Surface Superconducting Magnetometers, " SPE/DOE Symposium on Low
Permeability Gas Reservoirs, SPE/DOE 11612, 1983,

13D. A, Northrup, A, R. Sattler, and |. K. Westhusing, “Multiwell Experi-
ment: A Field Laboratory for Tight Gas Sands, " SPED(3E Symposium on Low
Permeability Gas Reservoirs, SPE/DOE 11646, 1983.

14Hart, Engi, and Morris, Op. cit.

13Johnston & Associates, Inc., OP. cit.

The technique most commonly used today to
evaluate whether a fracture satisfies design criteria is
pressure transient testing. This type of test generally
is run after the fracture treatment is completed, al-
though it can be useful as a pre-fracturing test as well.
Essentially, a post-fracturing test matches the actual
performance of a well for a given period of time
against the simulated performance of a fracture of
given propped configuration. This gives a minimum
estimate of the propped length. The technique gives
valuable empirical data on the flow rate and pressure
decrease with respect to time for the well. However,
it is generally considered as not providing sufficient
information to allow producers to discern whether
lower-than-predicted flows are due to fracturing out
of the pay interval, inadequate fracture conductivity,
or formation damage.*

Improved fracture diagnostic techniques may re-
duce some of the undefined variables (e.g., actual
propped fracture length). This would allow the rea-
sons for success or failure of a particular fracture treat-
ment in a given formation to be better understood,
resulting in improved fracture design.

High Energy Gas Fracturing or
Tailored Pulse Loading

This technique is dramatically different from hydrau-
lic fracturing techniques, and is derived from earlier
explosive fracturing. A propellant charge is used that
can pressurize the wellbore at a slower rate than the
conventional explosives, changing the characteristics
of the fractures created.” The loading rate—i.e., the
rate at which the energy stored in the gas is released—
can be controlled to create different types of fractures.
For example, at intermediate loading rates, fractures
form radially around the well bore. At slow rates, frac-
tures form in an analogous manner to hydraulic frac-
tures, directionally controlled by the regional stress
field. This technique may have significant potential for
commercial use, especially because it causes little for-
mation damage. Commercial application in the Devo-
nian shales may occur in the near future. Application
in tight formations is more problematic, however.*”

16Thisisa matte,of some dispute, because some specialistsclaim to be
able to distinguish among the possible causes of disappointing flows,

‘7Crafton, op. cit.
185 A, Holditch, personal commu nication, 1984.
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Box B-1. --

Well logs are measurements of rock formation
characteristics taken by devices, called sondes,
that are lowered into the wellbore on an elec-
tric wireline and transmit back information toa
surface recording device. There are a great va-
riety of these devices. The most common are:

1. Eletrical logs measure the electrical char-
acteristics of the rock surrounding the well-
bore before the well is cased. Electrical logs
measure either resistivity or spontaneous
potential.

« Resistivity logs pass an electric current
through the rock formation and measure
its ability to conduct electricity. These
logs help to determine the type of fluid
contained in formations and the relative
saturation of oil and water. There are a
variety of resistivity logs, including:
—Induction logs, which measure forma-

tion resistivity in wells drilled with
freshwater drilling fluids or with non-
conductive fluids such as air or oil.

—Laterolog, which can identify thinner
formations than ordinary resistivity
logs. These are used with saltwater
drilling fluids.

—Microlog, which is used to identify the
porous and permeable zones by meas-
uring the resistivity of the thin layer
around the wellbore that is invaded by
drilling fluids.

. The spontaneous potential log measures
the electrical potential created by the dif-
ferences in salinities between the forma-
tion water and drilling fluids. This log
helps to differentiate between rock types
(e.g., sand and shale) and to define for-
mation water salinity.

2. Radioactive logs measure either the natu-
rally occurring radioactivity in the rock for-
mation or the response of the formation to
bombardment by neutrons or gamma rays.

SOURCES: F. A. Giuliano (cd.), Introduction to Oil and Gas Technology, 2d ad

These include:

« Gamma-ray logs record the naturally
occurring gamma rays in the rock forma-
tion surrounding the well bore. They dif-
ferentiate between shales and other for-
mations, or measure the amount of shale
in the formation.

* Neutron logs bombard the formation
with neutrons and measure the induced
gammarays: They delineate porous for-
mations, and indicate the amount of fluid
(and, in some cases, fluid type). They are
useful in locating gas zones and deter-
mining rock types.

. Formation density logs measure the scat-
tering of gamma rays bombarding the for-
mation from a source on the logging tool.
They are used to determine porosity, and
help in determining rock types in con-
junction with sonic or neutron logs.

. Gamma spectrometry logs measure both
the scattered neutrons and the gamma-
ray spectrum from neutron bombard-
ment. They help in measuring 'hydrocar-
bon saturation, porosity, formation water
salinity, and rock types.

3. Acoustic velocity, or sonic logs, measure the

velocity of an acoustic (sound) wave along
the wall of the borehole. They are used to
measure porosity, to distinguish between
salts and anhydrites, to detect shales with
abnormal pressures, to determine rock
types, and to identify fractures.

4. Nuclear magnetism logs measure the effects

of applying a large magnetic field to the
rock formation. They are used to measure
permeability, porosity, producibility, and
water saturation.

. Temperature logs are used to identify zones

where drilling mud is being lost into the for-
mation or, in air-drilled wells, the locations
of gas entry into the wellbore.

and Engi g, Inc., Houston, TX, 1981;British

P Resource Dr
Petroleum Co. Ltd., Our Industry Petroleum. 1977; and Schlumberger WeII Services, Openhole Services Calalog, |983



Appendix C
Double Counting

A Comparison of the PGC and
NPC Tight Gas Estimates

A major problem with estimating the natural gas re-
source from unconventional reservoirs is determining
how much of this unconventional gas has already
been included in estimates of the conventional re-
source. The primary areas of overlap would be the tight
sands and Devonian shales. Much of the tight sands rep-
resents the lower end of a continuum of gas-producing
reservoirs. Except for its lower porosities and perme-
abilities, the “blanket” portion of the tight sands re-
source is quite similar in other respects to conven-
tional formations and, in fact, gas is presently being
produced from tight blanket formations and even, in
some cases, from lenticular formations. The Devonian
shales have been producing gas since the early days
of petroleum development in this country. Obviously,
these categories cannot be considered entirely new
additions to the resource base.

There is no clear-cut boundary between gas that has
been included in conventional resource estimates and
that which has not. The cutoff point for the conven-
tional resource varies from assessment to assessment
and tends to be loosely defined on the basis of rather
ill-defined economic and technical constraints. For ex-
ample, the Potential Gas Committee (PGC) defines its
resource estimate to include gas from “all wells which
would be drilled in the future under assumed condi-
tions of adequate economic incentives in terms of
price/cost relationships and current or foreseeable
technology.”*

The PGC assessment, Potential Supply of Natural
Gas in the United States, is one estimate of the con-
ventional resource which overlaps with the “uncon-
ventional. ” Given its broad definition of what consti-
tutes the undiscovered recoverable resource, the PGC
chose not to define a physical cutoff point, such as
a permeability limit, to separate out tight gas from con-
ventional gas. To do so would exclude from the re-
source base gas that conceivably could be produced
under the assumptions of reasonable price and tech-
nology. Thus, the PGC has consistently designated
some ‘“tight” gas as part of the conventional resource.

Recently, the PGC has made an attempt to deter-
mine the percent of its total resource estimate that oc-
curs in tight formations. (It includes in the tight gas
category both tight sands and Devonian shales.) For

! Potential Gas Agency, Potential Supply of Natural Gas in the United States
(as of Dec. 31, 1980), 1981.

236

each of its reporting areas (fig. C-1 (a)), it estimates the
percentage of gas that occurs in tight formations,
above and below 15,000 ft. Table C-1 gives the PGC
estimates, in TCF, for each reporting area.’The total
tight gas included in these estimates is 172 TCF, or
20 percent of the total potential resource.

The following analysis compares the PGC tight gas
breakout with the National Petroleum Council’'s (N PC)
estimates of tight sands and Devonian shale re-
sources. s It has been suggested that there may be a
considerable amount of overlap between these two
estimates. Because estimates of the United States’ gas
resource base and future supply often add conven-
tional and unconventional gas contributions, elimina-
tion of any overlap would decrease the projected total
resource base and supply. Additionally, since an over-
lap is most likely to occur among the most attractive
gas prospects, elimination of the overlap may affect
near- and mid-term supply forecasts disproportionately.

In order to compare the PGC breakout with the NPC
estimates, the assumptions underlying the estimates
need to be reviewed. Some of the assumptions are
documented, others have been confirmed through
personal communications.

The definition for tight gas used by the PGC is simi-
lar to the FERC definition and includes all gas in for-
mations with average permeabilities less than 0.1 mil-
lidarcy (red). The NPC report does include some gas
in formations with average permeabilities greater than
0.1 md, but the amount is small, less than 1 trillion
cubic feet (TCF). Therefore, the permeability levels for
the two estimates are generally compatible.

Not all the gas in the PGC tight gas estimate will
overlap the NPC estimate. For example, PGC tight gas
includes gas from new pools and reservoirs i n forma-
tions that are already being produced. By definition,
this gas is mostly accounted for in the probable cate-
gory.“The N PC report specifically excludes areas
already producing tight gas from its evaluation, since
its objective is to estimate “new potential reserve ad-
ditions.” Thus, tight gas in the PGC probable category,
amounting to some 56 TCF, cannot be part of any
overlap between the two estimates.

The NPC report does not include any potential gas
resources in formations at depths greater than 15,000
ft, although it postulates that a significant additional

2Based on the 1982 revised figures for the total resource: Potential Gas
Agency news release, February 1983.

3National Petroleum Council, Unconventional/ Gas Sources, 1980.

‘Harry Kent, Director, Potential Gas Agency, personal communication,
1984.
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Figure C-1.—PGC and NPC Reporting Areas
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Table C.1.— PGC Estimate of Gas Occurring in Tight Formations Included in Its 1982 Estimate of Total
U.S. Undiscovered Recoverable Resources (in TCF)

Probable Possible Speculative

PGC area <15,000 >15,000 <15,000 >15,000 <15,000 >15,000 Total
A 23.49 - 0.4 - - - 23.89
B.... ... .. 0.32 0.18 0.24 0.3 0.3 0.48 1.82
c .. _ _ _ _ _ _ _
Do 0.8 - 3.0 - 3.0 0.8 7.6
E oL _ _ e _
G 0.28 03 0.54 048 0.12 016 1.88
Hooo 21.75 5 14.43 14.56 7.02 29.2 91.96
0.94 - 0.33 - - - 1.27

N [ e 1.98 14.06 3 20.06 40.2
s 0.49 - 0.38 - - - 0.87
L 0.04 0.3 0.3 0.6 0.7 0.4 2.34
Total ............... 55.87 50.72 65.24 171.83

SOURCE” Potential Gas Agency. Potential Supply of Natural Gas in the United States (as of Dec 31, 1982), Report of the Potential Gas Committee, Colorado School

of Mines, June 1983

resource could exist at these depths. However, over
half of the PGC tight sands estimate is found at greater
than 15,000 ft depths—89 TCF total, 81 TCF in the pos-
sible and speculative categories. We assume that there
is no overlap between the PGC tight gas below 15,000
ft and the NPC estimate.

The gas projected by the NPC to be recoverable
from tight sands at $5.00/MCF,’with a 15 percent dis-
counted cash flow rate of return (DCF ROR) and using
base technology, is assumed to represent a reason-
able upper economic limit to gas that might be in-
cluded in the PGC estimate’(the N PC’'s “maximum
recoverable” gas would be an extreme upper limit).
In other words, tight gas considered produceable at
less than $5.00/MCF using present technology is likely
to be included in the PGC tight gas estimate.

In summary, the most potential for overlap exists
between the PGC tight gas in the possible and specu-
lative categories at less than 15,000 ft and the NPC
tight sands and Devonian shales gas recoverable at
$5.00/MCF (1979%) using base technology. This is
graphically represented in figure C-2. It should be
noted that the overlap determined by a straightforward
comparison using the above assumptions may be too
large. PGC used FERC criteria as a guide to defining
the tight formations and the FERC interpretation of
what constitutes tight gas has tended to be generous
relative to the NPC interpretation.

Other specific assumptions need to be made to
compare individual areas. These are discussed in more
detail below.

‘For simplicity, the N PC prices (in 1979 dollars) are used it this analysis.
¢The “boundary conditions’ for the PGC resource estimate are imprecise,
and no limit on price is specified other than what may be inferred from the
phrase “adequate economic Incentives 1N terms of price/cost relationships, "
To be precise, the NPC definition of its “base case” technology allows
evolutionary improvements it presently available technology.

Areas of Overlap

The PGC reporting areas and the NPC appraised and
extrapolated basins are shown in figure C-1 (a) and
(b), respectively. Table C-2 lists the comparable areas
and notes where the PGC has specifically identified
tight gas included in the potential resource. The total
PGC estimate of gas in tight formations is about 172
out of a total of 870 TCF, or approximately 20 per-
cent of the remaining undiscovered recoverable re-
source. NPC estimates 607 TCF of recoverable gas
from tight sands’and an additional 25 TCF, at least,
from Devonian shales. Our comparison attempts to
determine how much of this 633 TCF of gas has al-
ready been included in the PGC estimate of conven-
tional undiscovered resources and cannot be consid-
ered as additions to the U.S. resource base.

Our analysis indicates that the greatest potential for
overlap occurs in the Rocky Mountain region covered
by the PGC reporting area H (fig. C-1 (a)). The com-
parable NPC area is the Rocky Mountain Basins plus
the Northern Great Plains (fig. C-1 (b)). This area is
already the site of considerable production of gas from
tight formations (e.g., from the Wattenberg field of the
Denver Basin). The extent of the duplication is sum-
marized in table C-3.

For a first approximation, we assume that the PGC
tight gas does not include gas from the Northern Great
Plains.’Basins that probably are included in both
Rocky Mountain estimates are the Greater Green
River, Uinta, Piceance, Wind River, and Denver
basins, Within these basins, the most likely overlap
occurs between the blanket formations of the NPC re-

@This 1s the “maximum recoverable” gas. Using present technology, NPC
estimates that 365 TCF would be recoverable at $5.00/MMBtu
Kent, op. cit.
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Figure C-2.—PGC and NPC Categories of Tight Gas

PGC tight gas

< 15,000 ft >15,000 ft
Probable Possible Speculative Probable Possible Speculative
/

No / Categories //

overlap /  with most potential 7/ No overlap
/ for overlap /

/ /7

/
NPC tight gas NPC tight gas
base technology advanced technology

NPC tight gas
(includes both tight sands and Devonian shales)

SOURCE Off Ice of Technology Assessment,

Table C.2.—Comparable Areas—PGC Report and NPC Report

PGC reporting areas Comments

NPC basins

Area A ... .. Includes some Devonian shales
recoverable by normal drilling, well
stimulation, and completion and
analogous in geologic setting to
previous production

AreaB..................... -

AreaD..................... Includes tight formations of Travis Peak
and Cotton Valley

AreaG.................... -

AreaH .................... Includes tight formations of Greater
Green River, Uinta, Piceance, and Wind
River

Areal..................... -

Area J north
Area J south

Appalachian Basin Devonian shales

Eastern extrapolated tight sands

Eastern extrapolated tight sands

Cotton Valley appraised, Southwest
extrapolated (east)

Edwards Lime Trend, Southwest
extrapolated (south)

Rocky Mountains appraised, Northern
Great Plains appraised, Western
extrapolated

San Juan appraised, Southwest
extrapolated (west)

Southwest extrapolated (east)

Val Verde Ozona-Sonora appraised,
Southwest extrapolated (central)

SOURCE: Office of Technology Assessment

Table C-3.—Comparison of PGC and NPC Tight Gas Resource, Rocky Mountain Region (in TCF)

Recoverable Maximum PGC area H

NPC Rocky Mountain Basins® $5.00/McFb recoverable <15,000 ft Tight gas Percent overlap
Blanket.................... 19.7 34.5 Probable 21.75 None

Possible 14.43

Speculative 7.02) 62-100
Lenticular. . ................ 68.9 164.9 None
Combined. .. ............... 12.6 155 None
Total ,........ ... ... 101.2 214.9 Total 43.20 10-21

alncludes. appraised Greater Green River, Uinta, Piceane, and Denver basins, and other Western extrapolated basins.

bGas recoverable at $500/MCF (1979%), 1570 DCF ROR, assuming base technology.
SOURCE Office of Technology Assessment
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port and the PGC possible and speculative categories
at depths less than 15,000 ft. We are assuming that
the PGC estimate does not include any gas in lenticu-
lar formations or in combined blanket and lenticular
formations. This assumption may not be strictly cor-
rect because individual lenses have been produced
in past drilling by directly intersecting the lens with
the wellbore. There is no existing technology, how-
ever, for producing lenses remote from the well bore.

Much of the Rocky Mountain gas occurring in blan-
ket formations appears to be included in both the NPC
and PGC estimates. The NPC estimated range of gas
recoverable in blanket formations, from gas available
at $5.00/MCF, 15 percent DCF ROR, and base tech-
nology, to the maximum recoverable gas, is 20 to 34
TCF (see vol. V, table 9 of the NPC report). This in-
cludes 7 to 10 TCF in extrapolated blanket formations
in this region. The NPC estimate for gas in blanket for-
mations is very close to the PGC estimate of 21 TCF
of possible and speculative gas occurring in tight for-
mations at less than 15,000 ft, and probably represents
a duplication of the PGC estimate.

Another significant area of overlap may occur in the
Cotten Valley Trend of east Texas and Louisiana. This
area is included in PGC area D and is one of the ap-
praised basins of the NPC report. The NPC range of
gas in the Cotton Valley, from $5.00 to the maximum
recoverable, is 7 to 12 TCF, which probably overlaps
the 6 TCF of possible and speculative tight gas in for-
mations less than 15,000 ft as estimated by the PGC.

In south Texas, the NPC estimate ranges from 44
(at $5.00) to 60 TCF (maximum recoverable). The esti-
mate covers extrapolated formations as well as the ap-
praised Edwards Lime Trend, with an estimated gas
potential between 6 TCF (at $5.00) and 9 TCF (max-
imum recoverable). it is also covered by PGC repor-
ting area G. Here, PGC estimates 0.66 TCF of gas in
the possible and speculative categories above 15,000
ft. It is likely that the PGC estimate, even if it does not
specifically refer to the Edwards Lime Trend, is dupli-
cated somewhere in the NPC appraised plus extrap-
olated formations.

In the PGC's area 1, including the San Juan Basin,
most of their estimated tight sands gas is derived from
infill drilling of the Dakota and Mesaverde formations
and is most likely included in its probable category.
The 0.33 TCF remaining in the possible category may
be new gas occurring in these formations, and most
or all of it may overlap the NPC estimates of 1.49 to
2.31 TCF for the appraised San Juan Basin. Although
the NPC extrapolates an additional 11 to 16 TCF in
this region (which would include gas in the Raton
Basin in northeastern New Mexico), the PGC estimate
probablv does not overlap with any extrapolated gas.

A large quantity of gas—40 TCF—is estimated by the
PGC to occur in tight formations within its reporting
area Jn. Most of this gas is thought to be found in the
Deep Anadarko and Springer sands. Thirty-six TCF are
found at depths greater than 15,000 ft. This leaves only
4.1 TCF in the possible and speculative categories
above 15,000 ft to potentially overlap the NPC tight
gas. All the NPC basin estimates in this region are ex-
trapolations with a total range from 16 to 24 TCF. It
is likely, but not conclusive, that the 4.1 TCF of PGC
gas does overlap NPC gas.

The amount of overlap in tight formations in the
Eastern United States is more difficult to determine.
This area encompasses reporting areas A and B of the
PGC report and the Eastern U.S. extrapolated tight
sands and the Appalachian Basin Devonian shale of
the NPC report. in area A, excluding the estimated
probable gas, which is likely to be primarily gas from
producing formations in Devonian shales and inter-
layered sandstones, leaves 0.4 TCF in the possible cat-
egory. In area B, there are 0.54 TCF in the possible
and speculative categories at depths less than 15,000 ft.

Producible gas from Devonian shales as estimated
by the NPC falls in the range of 12 TCF at $5.00/MCF
and 25 TCF maximum recoverable using traditional
technologies only. The extrapolated tight sands re-
source for the Eastern United States ranges from 72
to 101 TCF. In OTA'’s opinion, the 0.94 TCF of gas in
the PGC areas A and B are likely to be included some-
where in the total of the NPC extrapolated tight sands
and the Devonian shale resource,

Table C-4 summarizes the total overlap between
NPC and PGC estimates, amounting to approximately
30.5 TCF. The percent reduction due to duplication
for the total NPC tight gas resource (including both
tight sands and Devonian shales) is 8 percent for the
gas recoverable at $5.00 and 5 percent for the max-
imum recoverable gas.

The amount of overlap, then, is not vitally impor-
tant in terms of reducing the size of the total additional
resource from unconventional reservoirs. More impor-
tant are the specific areas of overlap, since these oc-

Table C-4.-Overlap of PGC and NPC
Resource Estimates

NPC total recoverable gas
tight sands and Devonian shales Total

PGC total
tight gas At $5.00° Maximum overlap
171.83 TCF 376.6 TCF 633.5 TCF 30.5 TCF

aGas recoverable at $5.00/MCF (1979%), 15%. DCF ROR, assuming base tech-
nology,
SOURCE: Office of Technology Assessment
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cur in areas which have been predicted to be main
contributors to supply in the next 20 years.

For example, the NPC estimates that the Rocky
Mountain Basins will contribute over 14 TCF to pro-
duction over the next 20 years and 43 TCF to reserve
additions, according to its standard development sce-
nario. It is likely that much of this production will be
from the blanket formations, as these are generally the
more profitable prospects. However, if these forma-
tions are already partially counted in conventional re-
source estimates, and these estimates are used in fore-
casting supply, what the NPC is estimating cannot be
considered as additions to existing projections of
future conventional supply.

Another primary contributor to the NPC reserve ad-
dition and supply forecasts in the next 20 years is the
Greater Southwest, including primarily the Cotton
Valley, the Val Verde Ozona-Sonora Trend and the
Edwards Lime Trend. The Cotton Valley Trend poten-
tial, however, appears to be duplicated in the PGC
report; thus it, also, cannot contribute additional re-
serves or supply.

This analysis deals only with the overlap between
the PGC and the NPC assessments of the natural gas
resource. Similar duplication is li kely to exist in other
geologically based estimates such as the U.S. Geologic

Survey’s (USGS) estimate of undiscovered recoverable
gas resources.”However, because of varying ap-
proaches to estimating the resource, no categorical
statement of the amount of overlap between conven-
tional and unconventional resource estimates can be
made.

A final comment needs to be made regarding the
PGC estimates of tight gas recoverable from forma-
tions at depths greater than 15,000 ft. This gas repre-
sents a resource additional to the N PC estimated tight
sands resource, In general, these resources would be
considered even less economic to produce than the
NPC gas because of the higher costs and greater tech-
nical difficulty of drilling and fracturing at these depths.
However, Potential Gas Committee members felt that
the technology did exist to produce tight gas from
deep formations, and under certain conditions there
might be sufficient incentive to produce this gas.
Nevertheless, we feel that the 89 TCF of deep tight
gas in the PGC estimate should be regarded with at
least as much, if not more, caution than the NPC esti-
mates in terms of evaluating their potential for con-
tributing to near- and mid-term supply.

10G L. Dolton et al., Estimates of Undiscovered Recoverable Conven-

tional Resources of Oil and Gas in the United States, U.S. Geological Survey
Circular 860, 1981.



Appendix D
Glossary

adsorbed gas: Natural gas that is physically bound to
the surfaces of the reservoir rock.

anaerobic: Conditions that exist only in the absence
of oxygen.

anisotropy: A characteristic of certain rocks wherein
certain properties, such as permeability, exhibit dif-
ferent values when measured along axes in different
directions.

anticline: A fold, generally convex upward, whose
core contains stratigraphically older rocks.

associated dissolved gas: Natural gas that occurs to-
gether with oil in a reservoir, either dissolved in the
oil (dissolved gas) or as a gas cap above the oil
(associated gas).

blanket formations: Thin gas-bearing formations that
take the form of one or several stacked layers ex-
tending laterally over a wide area.

borehole shooting: A method of stimulating increased
gas flow by detonating explosives inside the bore-
hole of a well.

cleat: The pervasive, vertically oriented natural frac-
ture system in coal seams.

coal seam (coalbed) methane: Natural gas formed as
a byproduct of the coal formation process and
trapped in the coal seam.

combination trap: A trap for oil or gas that has both
structural and stratigraphic elements.

deviated drilling: Drilling that has been deliberately
angled away from the vertical.

Devonian shale gas: Gas trapped in the shales of Devo-
nian age located in the Eastern United States, pri-
marily in the Appalachian, Michigan, and lllinois
basins.

extension test: A well drilled to extend the areal limits
of a partially developed pool. May sometimes be-
come a new pool discovery well. Also known as
outpost well.

fault: A sudden displacement of rock strata along a
fracture.

field: Composed of a single pool or multiple pools that
are grouped on or related to a single structural
and/or stratigraphic feature.

formation: A rock mass composed of individual beds
or units with similar physical characteristics or
origin.

formation damage: A reduction in permeability caused
by drilling, fracturing, or producing a well-e.g.,
by the plugging of pores by water-sensitive clays
dislodged or caused to swell by water-based frac-
ture fluids or drilling fluids.
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formation water: Water present in a water-bearing for-
mation under natural conditions, as opposed to in-
troduced fluids, such as drilling mud.

infill drilling: Drilling at a smaller spacing than called
for in the original development plan, designed to
speed up production and/or increase ultimate
recovery.

interference: A condition whereby adjacent wells in
a field are close enough together that their areas
of (pressure) influence overlap, generally reducing
“per well” gas recovery below the level that would
be obtained with an isolated well.

lens: An individual reservoir in a tight lenticular for-
mation (see below), often oval in cross-section.

lenticular formation: A thick formation containing
large numbers of small, separate, lens-like reser-
voirs interspersed with impermeable shales or coal.

lineament: A linear feature of the Earth’s surface that
may reveal a subsurface feature such as a fault.

log, well log: Measurements of the physical proper-
ties of a reservoir, taken while drilling, generally
by lowering measurement devices down the well bore.

massive hydraulic fracturing (MHD): Creation of large,
manmade fractures in reservoir rock by pumping
fluids into a well under high pressures. “Frac” jobs
generally are considered “massive” when the vol-
ume of fluid used is 100,000 gallons or more, but
there is no universally accepted criterion.

methane: The primary constituent of natural gas, the
gaseous hydrocarbon CH,.

natural fracture system: A series of fractures, often
aligned in some way, created by natural processes.

new field wildcat: A well drilled in search of oil or gas
in a geological structural feature or environment
that has never before been proven productive.

new pool wildcat: Well drilled in search of pools above
(shallower pool test), below (deeper pool test), or
outside the areal limits of already known pools in
fields that have already been proven productive.
May sometimes become an extension well.

nonassociated gas: Natural gas that occurs in a reser-
voir without oil.

outpost well: See extensiontest.

pay: A rock stratum or zone that yields oil or gas.

permeable: Having the property or capacity of a po-
rous rock, sediment, or soil for transmitting a fluid;
it is a measure of the relative ease of fluid flow
under unequal pressure.

petroleum: A general term for all naturally occurring
hydrocarbons, whether gaseous, liquid, or solid.
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play: A rock formation or group of formations within
a sedimentary basin with geologic characteristics
similar to those that have been proven productive.
A play serves as a planning unit around which an
exploration program can be constructed. May also
refer to the exploratory effort, often following a sig-
nificant discovery, that uses a geologic idea to de-
termine where petroleum can be found.

pool: A subsurface accumulation of oil and/or gas in
porous and permeable rock, having its own isolated
pressure system. Theoretically, a single well could
drain a pool. Also known as a reservoir.

porosity: The percentage of the bulk volume of a rock
or soil that is occupied by interstices (gaps between
the particles that compose the rock), whether iso-
lated or connected.

proppant: Small particles of a hard material (sand,
bauxite, etc.) that are suspended in fracturing fluid,
to be left behind when the fluid is removed to pre-
vent the created fractures from closing under the
pressure exerted by the overlying rock.

prospect: An area that is a potential site of economi-
cally recoverable petroleum accumulation based
on preliminary exploration.

province: A region in which a number of oil and gas
pools and fields occur in a similar or related geo-
logical environment.

reserves: The portion of the total gas resource base
that has been identified by drilling and estimated
directly by engineering measurements, and that is
recoverable at current prices and technology.

reservoir: See pool.

reservoir rock: Any porous and permeable rock that
yields oil or gas. Sandstone, limestone, and dolo-
mite are the most common reservoir rocks, but gas
accumulation in the fractures of less permeable
rocks also occurs.

resources: The total amount of oil or gas that remains
to be produced in the future. Generally does not
include oil or gas in such small deposits or under
such difficult conditions that it is not expected to

be produced at any foreseeable price/technology
combination.

secondary migration: The movement of fluids within
the permeable reservoir rocks that eventually leads
to the segregation of oil and gas into accumulations
in certain parts of these rocks.

sedimentary basin: A low area in the Earth’s crust,
caused by Earth movements, in which sediments
have accumulated.

sedimentation: The act or process of forming or accu-
mulating sediment in layers, including such proc-
esses as the separation of rock particles from the
material from which the sediment is derived, the
transportation of these particles to the site of depo-
sition, the actual deposition or settling of the par-
ticles, the chemical or other changes occurring in
the sediment, and the ultimate consolidation of the
sediment into solid rock.

source rock: Sedimentary rock in which organic ma-
terial under pressure, heat, and time was trans-
formed to liquid or gaseous hydrocarbons. Source
rock is usually shale or limestone.

stimulation: Any process that mechanically or chem-
ically disturbs the reservoir rock in order to increase
gas flow to the well.

stratigraphic trap: A trap for oil or gas, resulting from
changes in rock type, porosity, or permeability, that
occurs as a result of the sedimentation process
rather than structural deformation.

structural trap: A trap for oil or gas resulting from fold-
ing, faulting, or other deformation of the Earth.

thermal maturity: The extent to which the organic
matter in sedimentary rocks has been “cracked”-
broken into simpler molecules—by heat.

trap: Any barrier to the upward movement of oil or
gas that allows either or both to accumulate. A trap
includes a reservoir rock and an overlying imper-
meable roof rock; the contact between these is con-
cave, as viewed from below. See also stratigraphic,
structural, and combination traps.
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AAPG. See American Association of Petroleum
Geologists
abandonment pressures, 73-75, 93, 228
abiogenic gas. See “deep source gas”
acidizing, 74
Alabama, 8, 59, 133, 207, 219
Alaska, 7, 17, 26, 43, 53, 66, 106, 114-115
Alaskan Natural Gas Transportation System, 112,
114-115
Alaskan Natural Gas Transportation Act of 1976,
114
American Association of Petroleum Geologists, 62
American Gas Association, 9
addition to reserves and, 24, 54, 83
conventional/u nconventional boundary and, 140
decline in RIP and, 95
economic incentives to recovery and, 66-69
extensions and new discoveries and, 88-91
import estimate, 113, 115
production estimate, 106-107
tight gas estimate, 169-171
Anadarko Basin, 22, 45, 57, 65-66, 76, 88, 168
anaerobic process, 29, 242
ANGTS. See Alaskan Natural Gas Transportation
System
anticline, 30, 242
Antrim shale, 183
Appalachian Basin, 57, 149
coal seam methane in, 207, 211
Devonian shales in, 8, 129, 132, 179-181, 183,
185-186, 190-203
undiscovered resources in, 59
aquifers, geopressurized, 6, 26, 121
Arkansas, 59, 88, 168
Arkoma Basin, 168, 211
Atlantic shelf, 46
Austin Chalk, 88
availability, natural gas. See supply, natural gas

Baltimore Canyon, 22, 53, 76

Big Sandy Field, 129

biogenic gas, 29-30, 147-149

biomass, 26

bituminous coal, 218-219

Black Warrior Basin, 8, 136, 149, 207, 219, 221

Blanco Basin, 73

blanket formations, 125, 141-142, 151, 153, 230,
242

Border Gas, 112

borehole shooting, 200, 242

Bromberg/Hartigan, 19-20, 49, 61

“bubble” of gas, 3, 17, 25

California, 53, 57, 114

Canada, 7, 17, 26, 106, 111, 113-115

carbon dioxide, liquid, 188-189

Carnegie Natural Gas Co., 207

“Circular 725, " 47, 54

“Circular 860,” 47, 50, 54

“cleat,” 134, 207, 212, 215-216, 242

coal seam methane
defined, 6, 133, 207
estimate uncertainties, 7-9, 134-136, 211-212
FERC estimate, 135, 210
in-place estimates, 134-135, 209-212
NPC projections, 3, 209-210, 217-219, 221-222
production, 7, 207, 212-224
as recoverable resource, 3, 5, 7-10, 26, 29,

121-122, 133-136, 210-212, 217-221

regions, 208

Colorado, 139, 233

Colorado School of Mines, 51

conservation, 3, 94, 112

Consolidated Coal Co., 215

conventional gas. See also proved reserves;

recoverable resources; reserves; resources

defined, 5
parameters of supply estimate, 5, 50
production cycles, 20
resource estimates of, 5-9, 19
unconventional boundary, 140
year 2000 production, 6-7, 18

Corcoran Cozette, 148

data availability, 18

decontrol, iii, 9, 75
“deep source gas, " 6, 29, 43, 53, 60, 66, 75-76,
121

deliveries, curtailment of, 3
Delphi approach, 42-43, 48, 50, 192, 196
Delta provinces, 71
demand for gas
exploration and, 5, 17, 45
production and, 5-6, 17, 94
Denver Basin, 71, 76, 126, 144, 147-148, 157
depletion, 39, 41, 69, 105
resorption, 212-213
Deul and Kim, 135, 210
development strategy, 5
Devonian shales
in Appalachian Basin, 8, 129, 132, 79-181,
183, 185-186, 190-203
areas found, 8, 129, 132, 179-187, 90
defined, 6, 128, 179-182
development problems, 122, 130

247
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FERC estimate, 182
in-place resource, 182-186, 190
NPC projections, 3, 131, 182-183, 186, 191,
194-196, 199-203
OTA assessment (1977), 192
production from, 7, 181-182, 190-203
as recoverable resource, 5-6, 8-10, 26, 121-122,
128-133, 190-201
resource estimates, 131-133, 182-183, 186,
190-201
dewatering systems, 10, 212-214
discovery, natural gas
demand and, 5, 17, 45
estimate of prospects, 17-18, 39
extrapolation from past trends, 21, 23-24, 43-45,
66, 88
inadequate indicators for, 23
new field, 24-25, 45-46, 61-64, 81-90, 98-99,
105
technical prospects for, 5, 45
double counting, 167, 236-241
Drew, L. J., 71
drilling, 5, 24. See also infill drilling
advances in deep, 22
costs, 22, 66-67, 76, 94, 215
deviated, 189, 242
directional, 189
exploratory, 33-34, 44, 46, 54, 73
improved technology, 10, 83
low- v. high-risk, 62, 68
NPGA and, 66
success rates, 68-69

East Anschutz Ranch, 66
Eastern Gas Shales Project, 135, 182, 186, 197
Eastern Overthrust Belt, 7
economic conditions, natural gas and, 20, 24, 41,
45, 66-67
Effects of Decontrol on Old Gas Recovery, iii
EIA. See Energy Information Administration
Electric Power Research Institute, 3
Ellsworth shale, 183
energy conservation. See conservation
Energy Information Administration, 10, 24, 34,
88-90, 95, 107
“Enhanced Recovery of Unconventional Gas,”
193
environmental constraints, 223
Equitable Gas Co., 207
exploration, natural gas, 69
basic techniques, 33-34
evolution of technology, 17, 20, 82-83
high-risk, 62, 67-68
history of, 57
unconventional gas, 130-131, 156, 189-190

Export Administration Act of 1979, 114

“extensions,” 23-24, 34, 65, 75, 81, 86-90,
98-102, 242

Exxon, 49, 60, 76, 107

Federal Energy Regulatory Commission, 121-122
coal seam methane estimate, 135, 210
Devonian shale estimate, 182
tight gas estimate, 123-124, 126, 139-140,

142-144, 166, 236

Federal Power Commission, 66, 121, 126, 142-144

foamed fluids, 188

FERC. See Federal Energy Regulatory Commission

Fletcher Field, 94

Florida, 59

Fort Union, 148

fracturing, 74, 94
coal seam methane, 216-217
Devonian shales, 130, 187-189
technologies, 229-235
tight gas, 8-10, 125, 127, 139, 149-154, 163-165

Garrett, R. W., 49
gasfields
field size, 42, 62-65, 69-73
new discoveries, 24-25, 45-46, 61-64, 81-90,
98-99, 105
new gas from older, 7, 21-22, 24, 46, 66, 73-75,
227-228
role of small, 7, 21, 53, 66, 69-73, 84
gas hydrates, 6, 121
Gas Research Institute, 9
coal seam methane estimate, 135-136, 209-210,
215, 217, 219, 222-223
mineback experiments, 233
tight gas estimate, 127, 156-158, 160-164, 166,
169-172, 174
Georges Bank, 7, 22
Gold, Thomas, 29
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