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ABSTRACT

This thesis determines that the degasification of the western
coal seam models reviewed here are not economically feasible with the
expected price of $1.50/MCF and the projected costs to drill and
complete. With recent technological breakthroughs in well stimulation
and the increased process for natural gas, coal demethanization is on
the verge of economic viability.

The evaluation of the technology will include identifying,
obtaining, and using the critical reservoir parameters in coalbeds
to calculate gas reserves and design stimulation treatments. A
review of the experience of other operators in drilling, completing,
and producing coal seam reservoirs, mostly from the eastern United
States, will be used in choosing the methods to be applied in the
western coalbed models. The two economic models - a well with a
single, 20-foot, sub-bituminous coal seam at 2200 feet and a well
with three 20-foot, sub-bituminous coal seams at depths down to 3300
feet - are based on proposed projects in two Rocky Mountain basins.

Although the "most 1likely" initial average annual rate of 30
MCFPD is not economic in our models, recent unpublished data indicate
this empirical rate is conservative. Sensitivity analysis shows that
profitability is decreasingly dependent on the initial rate (a function
of gas content, desorption rate, permeability, and fracture effective-
ness) and the drilling and completion costs. Price becomes more
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sensitive at higher production rates.

The depth of the coal seam, the operating costs, and the
effective decline are increasingly less sensitive variables of
profitability.

If the major legal consideration of gas ownership is resolved,
~methane-rich coal seams could be an additional source of an increas-

ingly scarce natural resource.
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NOMENCLATURE

A area perpendicular to flow, cm?
0p Angstrom, 1 °A = 107 mm

a radius of coal particle, cm

b a constant, atm -1

C gas concentration, cc/g

Cq gas concentration, g-mo]e/cm3

D diffusivity, cml/sec

Dn nominal decline

De effective decline, %/yr

K empirical constant

k permeability

L length, cm

n empirical constant

P Pressure, atm

Pov overburden pressure, psig

q flow rate, cc/sec

9, first annual production, MMCF/yr
a5 second annual production, MMCF/yr
T time, years

t time, sec

Vv volume adsorbed at standard conditions, cm3/g
Vad volume of adsorbed gas, ft3/ton
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NOMENCLATURE ( CONT)

Vi constant, ft3
Vm the monolayer volume, cm3/g
Aq gas viscosity, cp
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WHY METHANE FROM COAL?

To the general public, the frequency and severify of coal mine
disasters are the most noticeable effect of methane accumulating and
exploding in coal mines. To the mining company, the emission of methane
from coa]beds means an increase in ventilation costs, curtailed produc-
tion, and a hazard to mine safety. To natural gas producers, methane-
rich coal seams could be an additional source of an increasingly scarce
natural resource.

With the increase in natural gas price, the once-dangerous wasted
mine gas could become an economic supply of methane. The U.S. coal
companies vent more than 200 million cubic feet (MMCF) of methane per
day (Irani et. al., 1973) in operating their underground coal mines.
The average daily use (1976) of natural gas in the U.S. is 53.5 billion
cubic feet (BCF) (Amer. Pet. Inst., 1977). Based on Averitt's (1974)
coal resource estimates and the calculated or postulated gas content of
coal per ton,,there are 300 trillion cubic feet (TCF) of natural gas
alone in the 1.7 trillion tons of remaining identified coal resources
with less than 3000 feet of overburden (strippable coal excluded).

The desires and priorities of the mining company, the natural gas
producer, and the government are not always the same. The coal mining
company wants to make money mining coal by: a) increasing coal
production which, unfortunately, proportionally increases the amount

of methane produced and b) reducing costs, including ventilation costs.

1
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The methane's economic value is roughly 2% of the coal's economic
value (Shupe, 1977). The natural gas producer wants a prospect

with Targe reserves and high deliverability of a good quality gas.
Although the in-place reserves are large and the coal gas is of pipe-
line quality, the actual recoverable reserves and the deliverability
may not be economic for some coal seams. In the best interest of
energy conservation, all three should utilize natural resources to
their fullest. A1l three groups have contributed to the research
that has been done so fér, but due to the marginal economics, the
government has been the major contributor.

The resources are tremendous, and with technclogial breakthroughs
~and increasing prjces, coal degasification is on the edge of economic
viability. The scope of this thesis is to determine if western
United States gas producers could drill coal degasification wells’
and make areasonable return on their investment. As the most-promising
completion technology has been developed in the past five years and
the reseryoir parameters of coal are not widely known, a comparatively
larger technological evaluation than normal for an economics thesis
is presented. As coal degasification matures, less discussion of the
technology will be needed for feasibility studies. |

An evaluation of the technology will include identifying,
obtaining, and using the critical reservoir parameters in coalbeds to
calculate gas reserves and design stimulation treatments. A review
of the experience of other operators in drilling, completing, and

producing coal seam reservoirs will be used in choosing the methods to
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be applied in our western coaibed models. Our two economic models
are used to determine profitability at a 20% discount rate before
taxes. The models - a well with a single 20-foot seam at 2200 feet
depth and a well with three 20-foot seams at depths down to 3300 feet -
are based on actual projects in two Rocky Mountain basins,

Sensitivity analysis is run to determine to which variables

the profitability is mest responsive,
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EVALUATION OF THE TECHNOLOGY

Although methane gas has been an inherent problem with the produc-
tion of coal, it was not until the advent of high-productivity under-
ground mining methods (i.e. continuous miners and long wall methods)
that there was a concerted effort to try and understand methane gas
emissions. In 1964 a comprehensive applied research program was
initiated by the U.S. Bureau of Mines (Deul, 1964) to better under-
stand and control methane emissions in coal mines.

Laboratory experiments were run on various coal samples to
determine sorption and diffusion properties of various coal samples,
which are the 1imiting reservoir parameters in coal seams. Methods
for estimating the gas saturation of a coalbed from core samples
were developed. Various reservoir parameters such as porosity,
permeability, pressure, and temperature relationships were also
experimented with in the laboratory. Field studies proved up tech-
nology for drilling horizontal as well as vertical holes and stim-
ulating the vertical wells. Production histories were established from
some wells and a comprehensive survey of the amount of gas emitted from
U.S. coal mines was completed in 1972. ' The bulk of this work was done
on coal in the eastern United States, where a higher percentage of
the mines are underground (Young, 1977) and the coal rank is higher

(Figure 1).
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Composition of Coalbed Gas

Gas from coal seams is very similar in composition to natural gas.
The primary constituent of coalbed gas is methane, which is usually
in excess of 84% and can be as high as 99% (Kim, 1973). Other
detectable hydrocarbons can include ethane through pentane in quanti-
ties of less than 2% each. The few impurities found in significant
quantities consist of carbon dioxide (CO,) and nitrogen (Ny), which
may infrequently reach 15%. Trace amounts of hydrogen, helium, and
oxygen may also be present. No hydrogen sulfide (HsS) or sulfur
dioxide (S02) has been detected in coalbed gas.

Pure methane has a heat content of 1012 Btu per cubic foot at
60°F (7.1 Kgcal per cu m at 15.55°C) and atmospheric pressure. The
majority of coalbed gases tested in the range of 950-1050 Btu/scf,
rendering them compatible with pipeline-grade natural gas.

Gas produced from gob areas can be 10 to 60 percent air by volume
and therefore, oftentimes unsuitable for direct injection into pipe-
lines without processing and upgrading. The more than 200 million
cubic feet of methane vented each day from U.S. coal mines constitutes
less than one percent of the ventilation exhaust and could presently
be concentrated to usable proportions only at an "energy Toss" ( U.S.

Department of Commerce, 1976).

Coal Seams as Gas Reservoirs

Although "tight" gas sands and coal seams have many similar

reservoir characteristics, there are differences which affect the gas
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rates and producing characteristics of the coal seam reservoir. An-
understanding of the reservoir and how it should be reached and
stimulated are important in successfully completing a coal seam gas
well.

A Titerature search revealed the fo]iowing reservoir description
and reservoir properties which had been investigated as possible
critical parameters in evaluating coal seams as gas reservoirs:
Geologic Influences
Cleats (Inherent Fracture Systems)

)

g _Permeability
g “Pressure
)
)
)

Pavas :‘f‘j

a
b
o
d
e) Temperature

f) Water Saturation
g) Gas Saturation

h) Rate

Reservoir Description

In comparing coal to a "tight" gas sand reservoir the main
differences are the cleat (fracture) systems, the large surface areas,
and the very fine micropore system of the matrix. The micropore
system is similar to a molecular sieve structure (Kim and Douglas,
1973) with an average pore diameter of 5 to 20 0A. The Targer pores
and hairline cracks are known as the macropore system. The micro-
porosity of the coal accounts for the measured low porosities ranging
from 2 to 10 percent, and the extremely high internal surface areas
ranging from 200 to 300 m2/g (Marsh, 1965). The combination of large
surface area and the physical-chemical properties of gas and coal
enables the coal to adsorb as much as 28 times its own volume in gas,

much more than a normal sand reservoir of 10% porosity. The gases in
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a coalbed can exist as free gas in the pore systems or as adsorbed
gas on the surface of the micropores.
Chase (1977) has described the coal seam reservoir as:
..... a heterogeneous, low porosity, low permeability parallel-
pipeds, surrounded by an orthogonal system of continuous,
uniform fractures of high permeability and porosity, similar
to the Warren and Root (1963) model for naturally fractured
reservoirs (Figure 2)."
Gas f}ow from coal then s a two-step process of slowly diffusing

from the micropore system into the cleats and laminarly-flowing

through the cleats to the welIbore.

A

\

N

MATRIX FRACTURES

MODEL RESERVOIR

- “FIGURE 2. - Model Coal Reservoir
from Warren and Root, 1963
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Geologic Influences

Depth is the most important geologic parameter in determinihg
gas content. Although gas saturation increases with depth, the rate
of gas saturation increase drops. Pressure and temperature increase
with depth but gas content will tend to deciine with higher temper-
atures. At a depth of 3500 to 5000 feet (1500 to 2250 psi) gas
saturation reaches a maximum because at these pressures the rate of
increase with pressure is less than the rate of decrease with temper-
ature (Ruppel et. él., 1974). With the higher rank coals, the maximum
cou]d;be slightly deeper and pressures could be slightly higher.
Overburden also decreases porosity and permeability.

Coal is usually overlain by a thin slate, shale or sand. In
fracturing a coal seam with a stimulation treatment, the brittle coal
will contain the treatment between the other "more plastic" formations
(Elder and Deul, 1975).

Steeply-dipping coal seams are more common in the intermontane
basins of the Rockies. The high dips create many problems for mining
but should not adversely affect methane extraction. One advantage
could be the increased cleat system due to the more structurally-

influenced coals.

Cleats (Fractures)

Cleats are perpendicular to the bedding plane of coal seams and
are classified as either face or butt cleats. The face cleats are

the Tonger and more continuous fractures which also occur more frequent-
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ly. Butt cleats are perpendicular to the face cleats and are less
developed and shorter. Mines are usually laid out to take advantage
of the cleat systems as the coal breaks more easily that way
(McCulloch et. al., 1974). Their origin is debated but cleats are
probably either stresé compensations occurring during the coalifi-
cation process under high temperatures and pressures or caused by
local structural forces. Cleats are related to coal rank and work by
various authors (Komar et. al., 1973, Bench et. al., 1977) has shown
correlations between cleat orientation and surface joints and Tinea-
ments.

The spacing of cleats is important to the rate of desorption as
spacing determines the distance gas travels by diffusion. McCulloch
et. al's. (1974) work on the blocky-type Pocahontas coal showed cleat
spacing of 1/16 in or less and 1/2 fn or more on the friable-type
Pittsburgh seam.

The directional permeability of coal is also directly related to
cleat. Holes drilled perpendicular to the face cleat yield from 2.5 to
10 tjmes the amount of gas as compared with holes drilled perpendicular
to the butt cleat (McCulloch et. al., 1974). Kissell (1972) noted that
fluid production parallel to butt cleats yielded volumes up to ten times
greater than those parallel to the face cleats because they intersected

the Tonger, more continuous face cleats.

Permeability

Permeability is the ability of a gas or liquid to flow through a
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formation. Some work has been done in the laboratory (Dabbous et.
al., 1974) on the bituminous friable-type Pittsburgh and blocky-type
Pocahontas coals. Their conclusions on permeability are:
1. Variations of more than four orders of magnitude
can be expected for the single-phase (gas or
water) permeabilities of samples from these
two coals (Figure 3).
2. Both air and water permeabilities are greatly
reduced by increases in the overburden pressure
(Table 1). Both display significant hysteretic
behavior.

Although permeability in coals does decrease with depth, permeability
to methane appears to increase with time. Kissell (1972) noted that
regions of coalbed adjacent to older areas of a mine were considerably
more permeable than regions adjoining freshly-mined areas. Although
"destressing" (Stewart, 1971) and coal shrinkage from the loss of methane
(Moffat and Weale, 1955) have been proposed to account for this, the
most probab]yvexplanation is a relative-permeability effect. The flow
of methane is controlled in part by the degree of coalbed water saturation;
the permeabi]{ty to methane increases as the water in the coalbed
decreases and makes more pore space available to the gas phase.

A similar phenomenon is seen in recent stimulation work in the blocky-
type Mary Lee seam in Alabama. Vertical boreholes near mine workings

have higher initial potentials than wells in virgin coal areas even with

smaller stimulation treatments (Lambert, 1977).

Porosity

As stated in the reservoir description, coal has a very fine pore



T-2028

[oX:le] 2nd

0.404—

Fractional Distribution

B, = 200 psig
D Pittsburgh
pPocahontas

12

//
7 -
P73 pocahontas - . - e
5 osol ] Fou * 200 FIGURE 3 - Air Permeability
o :._‘7 i‘ucnhon:as . ) K] -
: i Pou = 400 Distribution for Pittsburgh
g and Pocahontas from Dabbous
a -
S o0 et. al., 1974
£ azol- -
=
o LI A ] e
< 0.0~ 01— 1o~ io- =
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Air Permecability Range, md.
Porosity* Overburden Permeability Permeability
Sample Coal (percent of “Pressure to Air to Water
Number Formation buik volume) (psig) (md) (md)
Poc.-2-1 Pocaohontas 5.16 199 34.6 14.8
599 12.3 8.70
996 9.65 3.60
Poc.-2-2 Pocahontas 4.55 196 18.6 14.4
- 596 5.83 5.70
993 1.59 1.80
Poc.-2-3 Pocaohontas 4.3 200 275 62.4
600 19.5 ©20.3
993 3.07 3.02
Poc.-2-4 Pocahontas 3.73 196 14.9 7.90
596 3.10 2.56
968 0.760 0.455
Pgh.-2-6 Pittsburgh 1.82 193 2.24 1.25
593 0.814 0.547
968 0.274 0.098

*Porosities determined at zero overburden pressure.

"TABLE 1 -- Air and Water Permeabilities of Coal Samples
at Various Overburden Pressures from Dabbous et al, 1974,
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structure and the gas saturation is often very large. Porosity should
not be théught of in the "traditional" sense due to adsorption properties
and cleat space (Deul, 1977). According to Dabbous et. a].(]92§), there
are large differences between porosities measured with helium (ranging
from 2.6 to 8.6%) and water (0.4 to 1.1%). Obviously helium is small
enough to enter the micropores while water is not. This does not mean
that all pores penetrated by helium are necessarily accessible to other
gaseous molecules such as air or methane. The water porosities are
more representative of the porosities of the macropore systems. The
range of porosities for most seams 1nves£igated is generally 2 to 10%.
It is important to remember that lab data were taken on disturbed
~samples where the confining stresses were relieved.
Dabbous et. al. (1976) also determined that porosity decreases

significantly at higher overburden pressures (Figure 4), but pore

compressibility appears to be constant at pressures above 1500 psig.

Pressure

Coals are normally underpressured with a pressure gradient of 0.2
to 0.4 psi pér foot (these data were taken from eastern drill stem
tests and they vary in the west). This underpressuring will hinder the
diffusion of the gas system in the micropores (Bielicki et. al., 1972),
but this is a minor influence compared to coal rank,

Another problem with underpressured reservoirs is that there is
little reservoir energy to blow back water and "clean-up" wells after a

stimulation treatment. For this reason a non-reactive gas is used to
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FIGURE 4 - Variation in Porosity With
Overburden Pressure from Dabbous, 1976
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create an artificial pressure in the reservoir.

Temperature
Coal adsorbs less gas at higher temperatures (Ruppel et. al, 1974);

but the rate of sorption is faster at higher temperatures (Hofer et. al.,
1966). Although these factors are important in a regional exploration
sense, they will not affect our producing target coal seams which are

assumed to be isothermal.

Water Saturation

Water is contained as free water in the cleat system as well as
moisture in the micropores. The proof of free water in the cleat systems
in virgin coalbeds is drill stem tests (DSTs) which recover only water
and no gas. Also, the water rates of producing coal seams start high
Aand decline, while the gas rate rises (Deul and E]der, 1973; Fields et.
al., 1975).

The coal's sorption capacity decreases with increasing moisture
content to a critical point, above which there is no effect on the
isotherm (Jourbert et. al., 1973). Although methane content of coal seam
is affected by moisture, moisture should have no effect on the time
required to reach equilibrium.

In making capillary pressure curves for the Pittsburgh coal seam,
Dabbous et. al. (1974) found the average "irreducible" or minimum water

saturation for oven-dried coal samples was greater than 45%.
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Gas Saturation (Sg)

A coal's methane capacity is a function of a coal's rank, pressure,
and temperature, all of which generally tend to increase with depth
(Kim, 1977). Coal rank is based on fixed carbon, volatile matter, and
moisture (FigureHS). The moisture not only lowers the rank but also the
methane adsorption capacity. The volumes of gas that can be retained
at different pressures were plotted for six U.S. bituminous coals
(Figure 6). At Tow pressures the volume adsorbed increases rapidly
and at higher pressures it nearly stops as the adsorbed layer becomes
more crowded. From these equilibrium adsorption isotherms, an
adsorbed gas volume can be estimated at any depth.

Using the hydrostatic head to estimate pressure (Figure 7), Kim
correlated gas content of various ranks of coal versus depth assuming
~a standard moisture and ash content.

Ruppel et. al. (1974) correlated the adsorption isotherms
measured at several temperatures for various coals by the Langmuir
equation. This equation is for the idealized monolayer adosorption of

methane on a coal matrix. The equation is:

|'0

P 1

m bVm

<|©
<

The values of the constants Vm and b are contained within a very narrow
range. For the 15 coals identified, b ranged from about 0.05 to 0.2, and
Vm varied from about 12 to 40 with the extremes falling at the low temper-
ature where they would have little app]ication. With the Langmuir equa-

tion, the equilibrium isotherm curve can be estimated from a single
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field-measured point.

Rate

How will the coal seam actually produce? When the water is produced,
the pressure drops and any gas in the cleats, fractures, or pores will
expand. In addition, the differences in concentration of adsorbed gas
will cause some of this gas to desorb. This is the reverse process of
coalification, where gas escapes to coal surfaces and the coal-methane-
water system remains at that equilibrium, temperature, and pressure
(probably above the critical moisture content) until it is disturbed
either by man or nature.

The flow along fractures and cleats is caused by the pressure
gradient created by draining the water. The rate is ver& rapid compared
to the very slow éate of diffusion.

The raté at which gas can be produced from coal is controlled by
the desorption process in the matrix. The matrix is the solid, unfrac-
tured coal and its size is determined by the type of coal, cleat system,
and geologic history. The desorption rate was studied by Hofer et. al.
(1966) and their conclusions were:

1) The adsorption/desorption process appears to be
diffusion controlled.

2) The rate curves for adsorption/desorption are
the same. The process is reversible.

3) The rate of adsorption/desorption is dependent on
the partial size of the sample.

The rate at which gas desorbs is the diffusion parameter (D/az) which
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is a function of coal type and fracture spacing. The diffusivity

equation mathematically defines the rate:

2

a ac

oC1 = D, A éa)
at  a¢ da

or Fick's Law written without calculus (Cervik, 1967):

= -pa 4¢

dL (_yhl’_’ @VJi (._‘¥

:/) A wonCerr
The driving force in the diffusion procesg/g%%%—ac%ua%%y—be-a
valume%%%e—expans+on—fn\the—mierepore—system;(%

The free gas in the cleat system is controlled by Darcy's Law:
_ kA dP

g dL
where the pressure gradient is the driving force and laminae flow is

assumed.

Obtaining Reservoir Parameters

Obtaining accurate and useable reservoir data on coal seams is
often difficult, time-consuming, and expensive. Most values can be
obtained indirectly from either log data, local mine data, and extra-
polation of the literature or directly from lab tests on cores, DST's,
simulation, production,and pressure tests. It should be noted that
core values obtained in the lab are rough approximations because con-
fining pressures have been relieved and the exact in-situ conditions of
temperature and pressure are difficult to duplicate. Indirect values are
taken from well logs because there is no "gas-saturation log" or
"permeability log" available. Much of the simulation and test results

are also interpreted based upon various assumptions. The most important
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parameters in a coal gas reservoir are gas saturation and permeability

of the coal seams.

Desorption Tests for Gas Saturation

Several techniques have been developed for determining the gas
content of coalbeds based primarily on the analysis of exploratory
cores or on data obtained from drill stem tests.

Direct Method

This field method involves sealing a freshly-cored coal sample in
an air-tight canister as quickly as possible. The canister is equipped
w{th a low-pressure gauge and needle valve through which desorbed gas is
periodically removed and measured by the quantity of water displacement.
Because small increases in temperatures result in substantial increases
in desorption rate, caution should be used to keep the sample at a fairly
constant temperature. The process is continued until the rate of methane
desorption declines to 0.5 cubic centimeters of gas per gram (0.87 cubic
inches per ounce) of coal in 24 hours. The gas remaining in the coal is
estimated either by using anempirical curve for blocky or friable coals
(Figure 8) or by measuring directly the gas desorbed from the finely
pulverized coal core. Extrapolation of the data is also made back to
original cut time to estimate the gas lost in the core retrieva] process
(Kissell et. al., 1973; McCulloch et. al., 1975). If ai?, mist, or foam
is used as the coring fluid, it is assumed that the coal begins losing
gas immediately upon penetration of the coal seam by the core barrel. If
water or mud is used as the drilling medium, gas desorption is assumed

to commence when the core is halfway out of the borehole. The equipment
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and graph obtained from several core samples are shown in Figures 9 and
10. The total methane content of the coal can then be found by summing
the values of lost gas, desorbed gas, and residual gas. This value is
divided by the sample weight to determine the gas content in cc/g.

Indirect Methods

Gas content can be determined from pressures off of a drill stem
test if an equilibrium adsorption curve (Figure 6) has been determined
in the laboratory. A knowledge of moisture content of the coal is also
necessary in using these curves.

A carefully preserved core sample from the seam is put in a high
pressure container and pressurized in steps. These data points are used
. to develop the methane sorption isotherm (Ruppel et. al., 1969).

A second indirect method (Joubert et. al., 1973) proposes a specific
~application of the Langmuir adsorption isotherms:

Vad = MQEB.
1-bP

This describes the volume of gas adsorbed on the internal free surface
pf coal at a constant temperature. The constants Vj and b are determined
experimenta]]y for a specific coal seam and the pressure is assumed to be
equal to the hydrostatic pressure of the coalbed.

In a third method, Kim (1977) has modified the adsorption equation
even further to estimate content of in-place coal: |

V= KPM |

By correcting for temperature, moisture and ash content and determining

pressure and temperature as functions of coalbed depth, the gas content
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of coal 1n-p1a¢e can be determined from:

(100 % moisture-% ash)

100 (0.75) [ky (0.096h)"0-0.14(1.8h/100+11)]

Decline Curve

Chase (1977) has outlined a method for determining the volume of
desorbable gas from exploratory cores. His method eliminates the need
for determining residual gas, since it is an irreducible gas in produc-
tion. The "lost gas" and "desorbed gas" are found in the same manner as
the direct method. An extremely low desorption rate cutoff (arbitrary)
below which desorption measurements can no longer be justified will give
us an upper ]imit on recoverable gas.

Figure 11 is a graph of desorption rate versus cumulative desorbed
gas. At an arbitrary rate -of .007 cc/gm/week (.001 cc/gm/day), 26,380 cc
of cumu]ative gas will be desorbed from 5902 gm. This desorbed gas
volume and the lost gas volume are added together and divided by the
weight of the sample to determiﬁe recoverable gas in cc/gm.

Comparison of Methods

The direct method is the most widely used technique and has been
adopted by the U.S. Bureau of Mines for determining the total gas content
of coal cores. When the total gas of the direct method (lost gas +
desorbed gas + residual gas) was compared to an extended desorbed gas
(27 to 33 weeks) plus lost gas, the direct method was consistently Tow
(Chase, 1977). The underestimation of methane content stems directly
from the method of approximating residual gas. The residual gas esti-
mation curves (Figure 8) are from a small statistical base and should be

used with caution.
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FIGURE 11 - Desorption Rate (CC/G-WK) Vs.
Cumulative Gas (CC) Decline Curve for Sample
from Chase, 1977.

The indirect method using the DST-pressure data may be in error
because there is no way of knowing whether the pressure is from the gas
or from the hydrostatic head on the water in the cleat system and larger
pores (Kissell et. al., 1973). In addition, much of the gas is adsorbed
on the internal free surface of the coal and is not measured by the DST,
which is more likely to be reading the free gas pressure’in the fractures
and larger pores. Therefore, the pressure is not a true indication of the
volume of gas in the coal. Also equilibrium adsorption isotherms are

generally determined for powdered coal rather than from solid coal matrix
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and the lab results may not be appiicable to solid coal in-situ.

Joubert's technique also required equilibrium adsorption isotherms
and moisture content determinations on new seams. Usually the final
result of sorption analysis is an equation used to calculate gas content
as a unique function of coalbed depth. But the depth does not necessarily
reflect anomalies in gas content which may exist due to physical-chemical
or geo]ogicé] differences in the environment of the coalbed.

Kim's method was replicated by Chase (1977) who stated that "the
estimated methane content for most coals showed good agreement with
values obtained using the most widely used technique, the direct method.
However, gas content values obtained"

"...using Kim's method were found to be consistently

high for high-volatile bituminous coals from areas
where the pressure was known to be less than
hydrostatic."

O0f all the methods, the Decline Curve is probably the most reason-
able because it is based on the extrapolation of an established trend
directly related to the mechanism of gas production from solid coal.

Also the moisture content, equilibrium adsorption isotherms, and residual

gas approximations need not be known. The decline curve methods results

lie between the results of the direct and indirect methods (Chase, 1977).

Permeability

One of the most-critical parameters in methane production from coal
seams is the permeability of the matrix. It is used in designing frac

jobs and spacing and determining whether a well is economical.
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Permeability can be determined from DST's; but due to the "tight"
reservoir, the low gas flow, the high water recovery from cleat drain-
age, possible wellbore damage, and the normally short shut-in periods,
the results are a rough approximation at best.

Permeability lab tests are made on cores by gauging an air flow
through a core plug. Lab tests are not in-situ conditions and should
be correlated to other data. Also helium is normally used in core
testing because coal adsorbs air, nitrogen, and water. Coal can swell
when water is adsorbed.

Once a well is completed but before production tests are run, a
water injection well test could be run to determine permeability (Ansell,
1977). A positive-displacement pump is used tb "pressure up" the forma-
tion and these pressures are plotted against the log of time. Assuming
single-phase radial flow, the slope of the line is proportional to
permeability.

Also simulating ("history matching") actual production or good well

testing procedures could get more accurate permeability values.

Porosity

Porosity can also be obtained from lab tests on cores. An effective
porosity near the porosity from helium is probably more accurate than a
porosity for air. Logs cannot define the low porositiesl(1-4% density)
because of the Tow specific gravity (1.3-1.8 gm/cc) and poor resolution
in this range of porosities. An acceptable porosity could be determined

if the matrix characteristics were well-defined.
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Pressure

Pressure-bomb tests and DSTs are the two methods available to
determine pressures. The experience of the U.S.B.M. is that DST
pressures are representative of the formation, but gas recoveries are
Tow. Sample chambers should be run and any gas and water samples

should be analyzed.

Temperature and Water Saturation (Well Logs)

By using well Togs, many parameters can be obtained. The simplest
are depth, thickness, and temperature. The recommended logging suite
is a density, gamma ray, resistivity, sonic, neutron, and dipmeter in a
water-drilled hole and an induction, sidewall neutron, and density in an
air-drilled hole. The neutron log is hindered in coals because it reads
hydrogen density and with the presence of volatile hydrocarbons in coal,
the porosity erroneously reads 30 to 40%. But Lavers and Smits (1976)
did suggest that coal lithologies could be determined from a gamma ray
versus.neutron-neutron cross-plot. A mechanical properties log could
possibly be made from a sonic, density, and an adjusted neutron log to
determine fracture pressure gradient and the shear modulus/bulk compres-
sibj]ity ratio. Water saturations can be calculated with a resistivity
log and a density-porosity log. The dipmeter will not only determine the
dip of the coal seam at the wellbore but is also a good fracture indicator.
Although the well logs do not give a "direct value", they do examine the

coalbed in-situ.
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Cleats and Geology

Much of the work on cleats and geology can be obtained from the 1§t-

erature, photo work, outcrops, nearby mines; and exploration holes.

Using the Reservoir Parameters

Once the gas content and the other reservdir narameters of our
coalbeds are estab]ished, reserves can be calculated and a stimulation
treatment can be designed.

Although the reserves-in-place are large, the recoverable reserves
may not be. Stimulation of "tight" gas sands many times not only increases
=~ the deliverability and the rate of recovery, but also increases the ulti-
“mate recoverable reserves (Brown, 1977).

Another adyantage of stimulation will be the increased water rates
 as the cleat system drains. This not only drains the water faster, but
also drains a larger area. After the cleat systems drain, the gas can
more easily desorb from the micropore system.

Once the drilling and completion methods have been chosen, estimates
of the costs can be determined. Not only the ultimate recoverable
reserves, but also the deliverability rate and rate of recovery will be
important to estimate. These latter two rates will drastically affect
the cash flow of any future project. The profitability of a project can

be estimated once these numbers are determined.

Reserves

From any of the desorption tests for gas saturation, a gas content
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in cc/g is determined. Multiplying by 32 results in ft3 of gas per ton
of coal or multiplying by 57,600 converts cc/g to ft3 of gas per acre-
foot of coal. The coal reserves in the number of tons or acre-feet
determines the gas reserves in-place. By using Chase's decline method
the maximum recoverable gas reserves are estimated.

After determining the amount of coal, the amount of gas in the coal,
and the amount of maximum recoverable gas, the questions can be answered
of how many acres will one stimulated well drain, how long it will take
-to produce this"gas, at what rates, and how effective will the stimula-

tion treatment be.

Stimulation

Stimulation will be required because natural prodhction rates from
wells will not justify pipeline connection. There are many methods of
“fracturing", but the main purpose is to open or extend existing frac-
tures by injecting fluids at rates and pressures higher than can be in-
jected into the formation matrix with permeability-controlled flow. The
pressures have to be high enough to overcome the compressive stresses in
the rock. The fracture at depth will theoretically be vertical or near-
vertical parallel to the plane of maximum stress (parallel to the face
cleats). The fracture must be propped open after thé fluid pressure is
released or the rock pressure will close it. Proppants are usually well-
rounded, well-sorted sand or glass beads (Kohlhaas, 1977).

The fracture treatment increases the surface area that can flow and

this takes the pressure drop further back into the reservoir. Even though
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the flow velocities are low in the reservoir, the volumetric rates are
Higher. Once the reservoirs parameters are known, the size and type of
treatment must be tailored for both engineering and cost-effectiveness.
Computer programs can be run by service companies to determine the opti-
mum volume of carrying fluid, amounts of proppant, and the required
horsepower. Fracture width, length, conductivity, and effective fracture
area can be calculated (Table 2). These resu]ts’are based on the cal-
culated and estimated reservoir parameters and are only as good as the
original input data.

Once the optimum size of stimulation treatment has been calculated,
an actual job is run. From build-up curves and production history, sim-
ulation is run which allows us to determine stimulation effectiveness.
Larger spacing of gas wells (640 or 320-acre spacing) is used initially
and with increased production history the spacing might be decreased by
infii] drilling. If a seam is to be mined in the near future, effective

degasification could call for 40-acre spacing or less.

Decreasing Water Production and Increasing Gas Recovery

The initial production problem will be draining the water in the
cleat system. Rates of over 115 and 150 barrels of water per day (BWPD)
have been initially produced out of 5 and 7 foot seams respectively
(Ansell, Chase, 1977). These rates were actually limited by pump size.
The 115 BWPD-well pumped water for 45 days before producing any gas.

Ansell (1977) stated that a cleat system might be too good at

depth, unless a large number of wells were completed and producing
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together. This could happen where permeability was in the range

of darcies and steady-state flow was attained quickly. Some Powder
River coals have permeabilities in the hundreds of millidarcies or even
darcies, and are aquifers at depth.

To remove the water a pumpjack will be required. Water production
will decrease with time and eventually the gas will be able to 1ift the
small amount of water up tubing, but the pumpiack should be left on
Tocation. Gas production from the micropore system will not start until
the fracture system is partially drained. Even a small pressure differ-
ence could slow the desorption rate significéntly.

Problems have occurred with coal fines and propping sand clogging
the water production string. Because of this problem and the inter-
mittent use of water removal equipment (10-12 BWPD for 5-ft seam after
-6 months), a pumpjack is recommended versus a down-hole pump.

The type of water will determine the disposal procedure. Open
evaporation pits initially and small storage pits eventually will hold
the produced water. A water sample from the DST should determine if the

water is useable or whether it will cause disposal problems.
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Experience to Date - Fall, 1977

To cover the entire history of demethanization of coal seams is
not within the scope of this paper. A summary of techniques and results
of the most promising methods and possible areas of technological break-
through and problems are covered in this section. Much of the promising
work has been done in the last year in the Mary Lee/Blue Creek seams in
Alabama. As a result, completions and tests are still being run, and the
data have not been released. Type-decline curves have been made for
both near-mine wells énd virgin coalbed wells.

From the degasification experience of operators in the eastern U.S.
and the shallow, "tight" gas sand experience of Rocky Mountain opérators,
methods will be chosen to be used in our models. As coal seam gas
wells are.dri]]ed in the Rockies, methods and models can be refined.

Much of the data and information about the methods>mentioned in this
section were obtained from inquiries with operators, service companies,

consultants, and members of various government agencies.

Drilling and Completing Shallow Gas Wells

The methods for drilling and completing shallow gas wells are
varied, but roughly the procedure follows as such:

1) A drilling rig capable of handling the proposed depth
and hole size is moved on location. The rig could drill
with air (using compressors) or be a conventional rig
using a water-base drilling mud.

2) Surface casing is set and cemented deep enough to protect
the local water table.

3) The well is drilled to the target interval and a core of
the prospective zone is oftentimes taken in a new area.



T-2028 37

4) Logs and drill stem tests (DSTs) are used to evaluate
the formation and a decision to run casing and complete,
or to plug and abandon is made.

5) If casing is run to total depth (TD), it is cemented
through the target interval and far enough uphole to
prevent lost production and contamination of any water
zones. A well can also be completed open-hole by
running casing to the top of the formation and cement1ng,
and drilling through the target interval to TD.

6) The casing across the target interval is perforated
and the well is either produced naturally or
stimulated (acidized or fractured) down casing or
tubing. Open-hole wells are stimulated through tubing
using a retrievalbe packer assembly,

7) If production tests justify it, a pipeline is laid to
connect the well.

Drilling and Completing Coal Seam Gas Wells

The common practice on coal demethanization wells presently is to
air-drill to the top of the coal, log, and set casing. The coal is then
cored and the wells are completed open-hole with any of various types
of small fracture treatments (less than 10,000 gal fluid and 5000 1b
sand). Recent stimulations of 50,000 gal foam (75 percent foam) and
25,000 1b sand have gone successfully and significant gas increases have
been measured from virgin coal seams within the last year (Wallace,
Lambert, 1977).

The disadvantages to this method are the inaccurate coal depths
and thicknesses, no logs run over the cored interval, and the fines can
more easily clog the water production string. Also, the oversize casing
that has to be cored through adds to the cost.

The main advantgge to open-hole completions is to the miners who

later will mine through the seam.
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Fracture Treatment Selection

The purpose of the fracture treatment is to stimulate the natural
productivity of the formation. Various treatments have been developed
for the wide ranges of oil and gas reservoirs. All have their advan-
tages and q1sadyantages and fracture design will be very site specific.
There are two rock-mechanics properties that are different in coal beds
versus an "oilfield" sand reservoir. Poisson's ratio for coal is 0.4
to 0.5 versus 0.2 to 0.25 for an oil sand and Young's modulus for coal
js approximately 1/10 of that for an 0il sand (White, 1977). The first
factor means the coal is more brittle and your fracture length should
be greater; and the latter means the fracture width in the coal will
be wider than expected for an o0il sand.

Another recurring problem in stimulating a coal seamis the "leak-
off" due to the cleat systems, which causes "sand-offs." The carrying
agent has a tendency to escape into the microfractures (cleats) and
"drops" the sand, causing a "sand-off." To circumvent this problem
100-mesh sand is used as a fluid-loss additive (FLA) in the stimulation
treatment to pack-off these secondary fractures.

Gelled-Water

A gelled-water stimulation consists of pumping water at high
rates into the formation and propping it open with sand. The purposes
of the gel are to allow a greater concentration of sand per gallon of
f1u1d, reduce friction, and prevent "leak-off." A "breaker" breaks
down the gel and allows the fluids to flow back when the well is

open after stimulation.
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Various sizes of gelled-water fracture treatments have been run
on bituminous coalbeds throughout the U.S. Results have been very
poor to date (Trevits, 1977). Members of the U.S. Bureau of Mines are
compiling a list of all the results which will be finished next year.
Volumes as high as 20,000 gal of gelled-water and 35,000 1b of sand have
been run (Wenzel, 1977).

The main problem seems to be that the "breakers" for the gel do
not work as well at shallow temperatures and pressures as they do in
Adeeper’reservoirs. For this reason, the general concensus of operators
is that gelled-water treatments are not suited for coalbed reservoirs.

Kiel

The design of a Kiel stimulation treatment is to fracture the
reservoir with large volumes of only water and sand in pulses. The
shqck of the pulses cause "spall" or parts of the formation to chip
off and act as a proppant further back in the formation. The pulses are
also supposed to help fracture in a different direction when the pre-
ceding fracture is filled up with proppant sand and "spall."

An example Kiel job could be 10,000 BW (420,000 gal) and 100,000 1b
sand, which would be injected in 8 stages (pulses). One-hundred-mesh
sand is run in the initial stage as a fluid-loss preventer with 20/40-
mesh sand. The bulk of the sand is run with the first 25 percent of
the water in the first two stages. On the end of each sand/water stage
a water flush is run. The pumps are shut-down and the well is allowed
to flow back. The next stage is then started up. These high pressure

changes and large volumes of sand and water cause the "spall" to move
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further back into the formation with each stage.

An 80,000 gal water and 30,000 1b sand Kiel job was run in a
5-ft seam in Alabama in what looks ]{ke a very good well, but data are
insufficient at this writing to conclusively decide on the Kiel treat-
ments.

Foam

Since the formation energy is Tow, low-density fluids such as foam
(using nitroggn) would seem to be the best carrying fluid for a fracture
treatment.. A base liquid, éand, and foaming agent are mixed with nitrogen
gas and injected in a "shaving-cream-type" foam. Foam quality around
75 percent (75 percent Ny volume/Total volume of gas and 1iquid) has
been used with good results in coal (Wallace, 1977).

The advantages of foam are that only one quarter of the normal
water volume is pumped into the formation at high pressures, and 1ike
the Kiel treatment, there are no additives. Foam vaporizes when the
pressure decreases, which allows an artificial reservoir pressure to
"blow back" the water and leave the proppant. Nitrogen gas is used
because it expands more than CO, when the pressure is relieved and
the well is "blown back." Foam-stimulated wells have cleaned up much
faster than any other types of fracture treatment. The concensus of
operators is that foam has shown the best results to date, but additional
production hisotry is needed.

Carbon Dioxide/Water

There has been no production history on which to base this treat-

ment as on the one job that was run, "sand-off" occurred at the perfora-

ARTHUR LAKES LIBRARY
@OLORADO SCHOOL OF MINE
GOLDEN, COLORAD®
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tions. Good results have been obtained with this treatment in various
shallow shaley-sand reservoirs in the Rocky Mountains.

Recommended Treatments

The foam and Kiel treatments are presently the most-favored methods
for stimulating a coalbed gas well at this time. Both are "clean fracs"
(no additives) and seem to clean-up fairly well with the Kiel taking
longer as it uses more water. One problem with treatments injecting
large volumes of water at four or five times the normal pressure gradi-
ent is that the pores_wi]] take in water which they cannot expel when
they réturn to their normal reservoir pressure.

A 50,000 gal, 75 percent quality, foam frac, with 25,000 1b sand
will cost $16,000 to run at a 1000-foot depth in the southeastern U.S.
For the same $16,000, the 420,000 gal, 100,000 1b sand in 8 stages can
be run. Both jobs will run 100-mesh in the pad as a fluid-loss additive.
A similar priced Kiel job in the Rocky Mountains will have to be smaller,

depending on water costs and how far it has to be hauled to location.

Production History and Decline Curves

Coal degasification wells have been mostly drilled in the Mary Lee,
Pittsburgh, and Pocahontas No. 3 seams of the eastern United States.
To date there are two types of decline curves in the ear1y production
history of stimulated gas wells - the near-mining-activity well and the
virgin-coalbed well. These curves are caused by the water saturation
of the coal seam when initial production starts and the increased

relative permeability of gas as additional production continues (Kissell
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and Edwards, 1975).

Near-Mine Well

For a good near-mine well, there is a sharp decline in gas and
water rates the first few months (Figure 12). The reason for the
rapid decr;ase is the draining of the cleat system and the fracture
system caused by the stimulation treatment. Any shut-in periods for
build-up tests or downtime on the pump will cause an increase in
production on start-up, which will then rapidly decline towards the
old rate at Point A. If the production of water from the mine and
the well drain an area between them (Figure 13), this area will be
now desorbing more gas and producing very little water. There should
be a decrease>in water production and a corresponding increase in gas
production as at Point B. An increase in productivity could also occur
when other areas of the reservoir experience a large enough decrease in
water saturation that the relative permeability of gas will increase and
the rate will increase as at Point C.

The radius of influence of the mine face is a distance outside of
which the coalbed is virgin (experienced no decline in water saturation
or pressure). The distances are speculative for a month-old mine face
in Figure 13.

The initial production rate on any stimulated well will depend
upon the fracture length and conductivity. Some of the wells that have
been mined through have shown that the induced fracture is parallel to
the face cleats and the actual treatment is approximately equal to the

calculated fracture dimensions.
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FIGURE 12
Hypothetical Decline Curve of a Near —Mine Well
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Virgin Coal Seam Well

In a "good" virgin-coal seam well, water production will be five
or six times the initial near-mine wells water production (Wallace,
Stubbs, 1977). The water will hopefully produce at pump capacity for
several months as it dréins the microfractures (cleats) and the induced
fractures (Figure 14). The more water produced, the larger the area of
drainage and the larger the volume of coal that will desorb (Figure 15).

Because the 1pitia1 water saturation is higher in the virgin-coalbed
well, the initial-gas-relative permeability is Tower (here it is zero),
and the initial gas rate is Tower. Within the first month, enough water
has drained out that the relative permeability of the gas can begin to
rise. The rate of gas production will rise and reach a maximum controlled
by desorption in the dewatered volume of coal (Kissell and Edwards, 1975).

~ Type Decline Curves Versus Existing Computer Simulation

The gas rates of these type curves will change with initial water
saturation, different relative permeability curves, and different
capillary - pressure curves (Kissell and Edwards, 1975). Figure 16 is
three hypothetical methane f]ow curves that were created on a two-
phase flow simulator by Intercomp for the Bureau of Mines. Cases 1 and
3 are similar to our near-mine and virgin coalbed examples respectively.
It is important to note that at the end of a year the rate of gas
production is the same for all three cases and is controlled by desorp-
tion. Although the first year's cash flow will drastically be affected

by the initial water saturation and initial gas production rates,
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FIGURE 14
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simplifying assumptions will be used in our model. For virgin coal’
seams, our type curve is expected. For our cash flow analysis, an
average annual rate in thousand cubic feet per day (MCFPD) will be
used.

Long-Term Production History

Over 2000 wells are producing methane from coal seams in the
eastern United States (Tilton, 1977). Although many wells were once
stimulated with nitroglycerin, the newer wells are being selectively
perforated and stimulated.

One field that had a long production history which could be
obtained is the Big Run Field, Wetzel County, West Virginia. This
field has produced from the 9-ft Pittsburgh seam since the late forties
(Figure 17). The wells were produced natural (never stimulated)
‘because of the good permeabilities developed as tension cracks on the
crest and Tee flank of the Littleton anticline (Tilton, 1976). No
water was produced because of the struﬁtura] high. From the production
curve, a nominal decline (Dn) and an effective decline (De) of a desorbing

high volatile (blocky) bituminous coal can be determined.

Dn = 1ndy - Tngp
.
Dn = In 10310 36 _ 04688 (years 1956, 1969)
De =1 - e -.04688 - 4579
De = 4.6%/year

By choosing productions for various years, the effective declines
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FIGURE 17
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Annual & Cumulative Gas Production, Big Run Field,
Wetzel Co., W. Virginia (Natural production from Pittsburgh Seam)
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range from 4.6 to 6.5%. These ranges are high to most of the effec-
tive declines of many of the fields, which range from 3 to 5% (Tilton,
1977). An effective decline of 4% will be used in our economic analysis.
This decline will include not only the yearly decrease in desorption
rates, but also the additional cleat and matrix drainage from the
expanding drainage area with time.

Many of the Pittsburgh coalbed reservoirs have reservoir lives of
40 to 50 years. A]so, an initial average annual rate of gas production
for these wells would be 30 to 35 MCFPD (Tilton, 1977).

A recovery factor of 50% in 5 to 7 years is estimated for the low-
volatile (friable) bituminous Mary Lee seam of Alabama (Wallace, 1977).

These averages and estimates with certain assumptions will be used
in our economic analysis because there are no data of this type for

Rocky Mcuntain coals.
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ADDITIONAL CONSIDERATIONS

Legal Status

The one significant problem in drainage and conservation of methane
in advance of mining is neither economic nor technical, but Tegal. Coal
ownership and leases are separate from other minerals and surface rights,
This separation of leases leads to a problem when the coal owner asserts
Athat he owns the coal and everything in it. An 0il and gas lease gives
one the right to drill and produce o0il and gas from any formation, while
the ownership of the formations from which the gas or 0il is being
produced remains in the hands of the owner of the land. Ownership of
the gas is not perfected until the gas is under control, i.e. in the
casing at the wellhead (Tilton, 1976).

Draining methane is primarily a safety measure and "consistent with
that purpose, must therefore control the coalbed gas to that extent."

It has been ruled by the Pennsylvania Supreme Court in Chartiers Block

Coal Company Vs. Mellon 152 Pa. 286, 296 (1893) that this control does

not give title to the coal grantor (Tilton, 1976). Although this is a
valuable opinion, this position could be quickly overturned by a new
court decision or by legislation.

It should also be remembered that if gas is not removed prior to
mining, it is dissipated when the coal is mined, at which point nobody
benefits. |

The best way to avoid this controversy is to find both the gas and

50
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coal Teases under the same ownership.

Environmental

There is no difference between the environmental impact of a coal
degasification well and a conventional oil and gas well.

The roads into the drilling Tlocation and the location will have
to be properly graded and reseeded. If the produced waters are saline,
an evaporation pit or storage tank and disposal wells will have to be

used.

Horizontal Drilling Into the Coal Seam

If horizontal drilling is done from an air shaft that is drilled
ahead of mining, a large volume of gas can be recovered (Fields et. al.,
1975). It has already been shown that this method is not only justifi-
able and technically feasible, but economic as well. However,it is not
applicable to the models in our Rockies feasibility study as our wells
are drilled into virgin coalbeds and are not drilled in conjunction with

producing underground mines.
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EVALUATION OF THE ECONOMICS

Before economics can be applied, the technological background
must be understood to create a model. The economic model will be
defined by proposed methods and assumptions. Various factors can
affect the methods and assumptions, and therefore, the model and the
economics. witﬁout an understanding of the technology the model is
ineffective. An additional advantage of a good technological background
will be a smaller, but more effective sensitivity analysis. The sen-
sitivities of various parameters are established by changing one
variable while holding all the others constant and making economic runs.
A batkground knowledge of the geology and reservoir parameters of
coa], the methods of drilling and completing wells, and expected produc-
tion rates and declines have been presented. By estimating prices,
establishing costs, and extrapolating eastern data to western coals,
economic models can be created for actual Rocky Mountain coal seéms.‘
The ultimate goal of a feasibility study is a decision - "to go
or not to go." The sensitivity analysis is used to determine critical
parameters in the project and to aid in the decision-making process.

The fina] outcome of the feasibility sfudy is a decision.

Rocky Mountain Coals

Unlike the Appalachian and Interior Basin coals of.Pennsylvanian

age, the coals of the Rockies are Cretaceous in age. The eastern coals

52
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are mostly anthracite and bituminous, while the younger western coals
are sub-bifuminous. This Tower rank will Tower the gas content (it is
assumed roughly to one third) and therefore the reserves significantly
(Figure 18). Another disadvantage is the higher moisture content in the
western coals, which will also reduce the gas content (Kim, 1977).

The main advantages of the Rocky Mountain coals are the thicker
seams, many of which can be three or more times thicker than the gas-
productive 5-to-9-foot eastern seams (water will proportionately
increase). The younger age, the lower rank of coal, and the large
amount of tectonism will all contribute to greater permeability in the
coal and increased gas rates.

The thicker coalbeds will also allow selective perforating and
therefore control over the stimulation treatment. Also, through
selective perforating, ways might be developed to control the>expected
increase in water flow.

Because strip-mining is the prevalent method of mining western
coals, less near-mine wells will be needed, but the virgin seam wells
will be allowed to produce for a long time. Figure 19 shows the rank
and extent of the Rocky Mountain coal fields.

The steeper-dipping coals in the intermontane basins offer no real

problem in coal demethanization.

Coal Degasification Models

The models used here are of actual coal seams that are being studied

for application of demethanization programs in two Rocky Mountain basins.



T-2028 54

FIGURE i8
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They were selected on the basis of coal thickness, number of beds,
depth, legal accessibility,and closeness to a pipeline, so that the
wells could be properly tested.

The first model is 3 coal seams - all roughly 20-feet thick, at
depths of 24C0 to 3300 feet. The second model is a single coal seam,
that is 20-feet thick at a depth of 2200 feet. All the seams are sub-

bituminous at their respective depths.

Methods and Costs

The methods for drilling and completing wells and the estimated

costs in our coal seam models are presented.

Drilling and Completing a Multi-Seam Well

After building the location and setting the surface casing, our
well will be air-drilled to 3300 feet. The contract will be "turn-
_keyed" with most of the drilling expenses paid for on a "flat dollar/
foot" basis. The "turnkey" equipment and services furnished by the
contractor are listed in a drilling contract. The estimated costs in
Table 3 were furnished by Kansas-Nebraska's drilling department for the
fall, 1977 and are based on a '"turnkey" contract. The three 20-foot
coal seams in the interval between 2400 feet and total depth (TD) will
be cored. Lab tests on the cores will include adsorption isotherms,
methane content, chemical analysis for rank, volatiles, and moisture
content. These costs are under formation evaluation and are not usually
covered under the "turnkey" contract. Porosity and permeability tests

should be run on the cores for fracture treatment design. Upon reaching
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Tab: DETAILED ESTIMATE FOR AUTHORITY FOR EXPENDITURE

fable 3 ITEM COMPLETED COST FALL 1577
L kell - 3 20" seams

DRILLle COS |

Roads and Locaticon $ 4,000

Fuel, Comp. Rig, Boilers, etc.

Hauling, Move in, etc.

Contract Driiling 3300' @ $10.50/ft 34,650 —
Daywork -- with Drill Pipe —
Daywork -- without Drill.Pipe -
Completion Unit

Bits

Rentals, Down Hole and Surface

Mud

: Chemicals and Additives
Liquid Mud and Brines
Air Compressor Rental, etc. £.400

District Expense 1,000

Contingencies 1pv 4,855

Cementinag, Surface & Intermediate - 2 .800

Total Drilling Cost 53,4358
FORMATION EVALUATION

Rig Time 2 davs @ ¢3,000/day 6,000

Corina gq! n‘F care n'llm $5,000 testing 10,000

‘Drill Stem Testing

Well Surveys :

Logging Induction, Density. Neutron 5,000

Contingencies 31q% 2.100

Total Formation Evaluation Costs 23,100
COMPLETION COSTS

Rig Time 8 days @ $750/day 6,000

Rentais and Labor

Perforating 3,500

Acidizing and Fracs.ap ,000 gal foam frac B.54 000

Packers, BP, etc. - ($18,9007~ 57035

Trucking 4' 500

- Cement and Equipment 2 500
Wireline i
Contingencies  1q2« 6.960

Total Completion Cost 75480
Total Intangible Cost 1;1:602
TANGIBLE COST

Conductor Pipe

Surface

Intermediate

Production 3300' (43" Csq ) @ 4 50/ft 14,850

Tubing  3200' (2 3/8" Thg ) @ 2.00/ft 6,400

Well Heads ’ T 1.000

Rods 2 000

Pumping Unit 8.000

Engine 1.500

Miscellaneous 1,000

Total Tangible Cost 34750

LEASE EQUIPMENT
Flow Lines

«

Separator _or Production Unit

Heater Treater

Tanks

Construction Cost and Miscellaneous

Total Lease Equipment

Total Well Cost

Q1RF§,7AR
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TD, logs which can be run in an air-drilled hole (induction, density,
and pad-neutron) will be run. The above are all intangible drilling
costs (IDCs) which would be expensed along with tangible costs in the
event of a dry hole in an after-tax case. For a producing well, IDCs
are expensed. Production casing will be set deep enough below the
Towest coal seam to create a sump in which the water collects. This
production casing will extend to surface and be cemented from TD to
above the uppermost coal. A cement bond log will be run to check the
cement job. After the log and core data have been analyzed, a stimulation
treatment (frac job) will be designed. For our study an assumption that
a 40,000 gal foam fracture treatment will be sufficient for each seam.
The treatment will be through perforations and 100-mesh sand will be
added to prevent leak-off. The well will be swabbed to the top of perfo-
rations and any remaining frac sand will have to be blown out. Retriev-
ab]e»bridge plugs will have to be placed below each of the upper two
zones before they are stimulated.

After the bridge plugs are drilled out and the well has been
cleaned out to TD, a water production string consisting of tubing and
sucker rods will be run. The‘surface facilities will consist of a pump-
Jjack, engine, and evaporation pits or storage tanks. All tangible cost
items are listed together and would normally be depreciated by any

reasonable method.

Drilling and Completing a Single Seam Well

The single seam well will be air-drilled to 2200 feet. The same
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procedures for the multi-seam well will be used here - core, lab tests,
logs, casing program, and stimulation treatment. Bridge plugs will not
be needed. Table 4 shows a detailed cost estimate for a single seam

well drilled and completed at 2200 feet.

Assumptions

The following assumptions were made to simplify our economic
models. Sensitivity analysis will later be run to better understand
the more influential parameters on our models, including some of the
assumptions:

1) The discount rate will be 20% annually, end of the
period, and all cash flow will be discounted back
to 1978.

2) The runs are made on a before-income tax basis so
as to give a measure of gross profitability. An
after-tax run could include such unresolved compli-
cations as depletion allowances of coal versus gas,
tax credits, mining development costs expensed versus
the tangible and intangible costs of drilling.

3) The price of gas is $1.50/MCF, even though coalbed
gas is not presently regulated by FERC of the
Department of Energy. In the Rockies, the price of
coalbed gas will be regulated by the availability
of interstate gas and will have the interstate gas
price of at least $1.50/MCF.

4) Al11 costs are as of the fall, 1977.

5) Operating expenses will be $250/well/month. This
is a normal maintenance charge on wells to cover
both field and office overhead. \

6) A washout of price increases and escalation of
operating expenses will occur.

7) A one-eighth royalty will be taken out of gross
production for the o0il and gas mineral rights
royalty. This is the normal oil field royalty.
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Table 4 DETAILED ESTIMATE FOR AUTHORITY FOR EXPENDITURE FALL 1977
ITEM COMPLETED COSTS
1 - 20 ft zone 1100°. 2200" 3300
DRILLING COST
Roads and Location | 4.000 4.000 . 4 000

Fuel, Comp. Rig, Boilers, etc.

Hauiing, Move in, etc.

- Contract Orilling  $10.50/ft ' L 11.550 23,100 34,650

Davwork -- with Drill Pipe

Daywork -- without Drill Pipe

Completion Unit

Bits

Rantals, Down Hole and Surface

Mud

Chemicals and Additives

Liguid Mud and Brines

Air Compressor Rental, etc. 5,600 - 6,000 6,400
District Expense 1,000 1,000 1,000
Contingencies 2,465 3,660 4,855

ementing, Surface & 1nterred1ate 2,500 2,500 2,500
Total Driliing Cost 27,115 40,260 53,435
FORMATION EVALUATION

Ria Time  ¢3000/day 3,000 same same

Coring 20' af coring/testing 4,000

Driil Stem Testing

Well Surveys

L236ing Tnduction, Density, Neutron 5,000

Contingencies 1,200
Total Formation Evaluation Costs 13..200 13.200 13,200
COMPLETION COSTS

Rig Time 3 davs @8 750/day_ 2,250 Same same

Rentals and Labor

Perforating 1,500

Acidizing and Frac4n 000 gal foam frac 18,000

Packers, BP, etc.

Trucking 600

Cement and Equipment 2500

Wireiine

Contingencies 2,485
Jotal Completion Cost 27.335 27.335 27,335
Total Intangible Cost 67650, 20 .795 93,970
TANGIBLE COST

Conductor Pipe

Surface

Intermediate

Production (ain req) @ 4 50/t 4,950 9,900 14,850

Tudbing (2 3/8" Thg) @ 2 Q0/ft 2.200 4400 6.600

Well Heads 1,000 1,000 1.000

Rods 1,000 1,500 2,000

Pumping Unit 8,000 8,000 8,000

Engine 1,500 1,500 1.500

Miscellaneous 1.000 1,000 1,000
Total Tangible Cost 19650 27,300 34,950

LEASE EQUIPMENT
h Flow Lines

Separator or Production Unit

Heater Treater

Tanks

Construction Cost and Miscellaneous

Total Lease Equipment

Total Well Cost 87,300 108,005 128 920
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10)

11)
12)

13)

The economic evaluation was run with a computer program written
by Petroleum Software International Ltd.

of 0i1 and Gas Opportunities" (POGO) has the capabilities to handle
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Production is in MMCFPD, the BTU is 950, and the
maximum 1ife of the field is 50 years unless operating
costs exceed production revenue.

The production decline is exponential and the effec-
tive decline is 4% per year.

Although the Rocky Mountain coals have roughly one-
third the methane content because of their rank, the
seams are three times thicker. The "most Tikely"
production rate for the first year will average 30 MCFPD
per 20' seam. Compared to unpublished production rates
from recently completed wells, this initial average
annual rate is conservative.

The water production,although initially high because
of our thicker seams, will drop as production has
in the past and will be minimal after several months.

A 100% success ratio is assumed as the coals have
been Tocated by earlier drilling and there are no
mechanical problems with the wells.

In the triple-seam model, the production rates are
additive. In practice this rarely happens.

Computer Runs - POGO

most o0il and gas models.

A sample input sheet (Table 5) is shown for 1 well with a 20-foot

seam, producing an initial average annual rate of 30 MMCFPD (QGASI =

.030, PRDTM = DAY). The operations costs are $250/well/month for

50 years (OEXDWM = 50 * 250) and the wells total cost is $108,095 (TANGA
27.3, INTANGA = 80.795).
field 1ife is 50 years (MAXLIF = 50), the discount rate is 20 percent

The program "Profitability

As stated in the assumptions, the maximum
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Table 5 - Sample Computer Input Sheet

CoALé

100
101
102
119
122
124
134
138
1462
217
250
252
254
256
370
475
617
700
715
999

COAL DEMETHANIZATION 1 W
30 MCFFI INITIALLY» OF.
TOTAL COST/WELL=$108,095
SDATA

FEOTX=NIL

OUTFUT=ANNL» WIDTH=WIDE
MAXLIF=50

FUINC=ANEFs FUICFC=.20
FROTIM=DAY

ETU=950

NECG=EXF

RGASI=.030

NECHCG=.,04

QGASF=,005

FRRES=50%1 .5
ROY=50%0, 125
DEXIWM=50%250.,
INTAN=1%80,7955s 49%0
TANGA=1%27 .35 49%0

$ENI

ELLy 1-20 FOOT SEAM
COST=$250/WELL-MONTH
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(PVICPC = .20), the calorific value of the gas is 950 (BTU = 950),
the effective decline is 4 percent/year (DECPCG = .04, DECG = EXP)

and the cutoff production rate is 5 MCFPD (QGASF = .005). The price

50 * 1.5) and

is a nonescalating $1.50/MCF for 50 years (PRRES
the royalty is one-eighth for 50 years (ROY = 50* 0.125). The
economic analysis is on a before-tax basis (FEDTX = NIL).

A sample print-out (Table 6) shows the year, number of wells,
average daily production rate, gross yearly production, after-
royalty yearly production,and the price/MCF adjusted for Btu-values
on the first page. The life of the well ends in 37 years when the
operating costs exceed the production revenue. On the second page of
Table 6, the year, the net reserves revenue before royalty, the
total net revenue after royalty, the net operating expenses per year,
and the net operating income are presented in the first ten columns.
In the last seven columns the net capital investments, the net cash
flow, the cumulative net cash flow,and the discounted cumulative
net cash flow are listed. In the summary, the interests in the well,
the reserves, and project life are presented. The net present value
(NPV) of discount rates of 0, 5, 10, 15, 20, 30 percent and our input
rate of 20 percent are given. The rate of return, payout, and various
other net profit indicators are also listed.

3 of gas per

Using 57,600 for a conversion factor of cc/g to ft
acre-foot of coal, the total produced reserves of 209 MMCF, and a 50
percent recovery factor; the total acreage drained by this well in

37 years is 73 acres, which is reasonable.
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209 MMCF

50% 57,600 ft3g 5cc (20 ft)
acre-ft{cc) g

= 73 acres

A11 computer runs are listed in Table 7 with their input data

and the net present value at 20 percent.

"Most Likely" Runs

Using a "most likely" average first year production of 30 MCFPD/
seam, the single-seam and the triple-seam wells both have negative
net present values (NPV) at 20% before income tax (BFIT). These
are -$67,300 and -$34,500 for the single and triple-seam wells respec-
tively (Runs 6 and 1 on Table 7). Based on these initial figures,
the prospects for coalbed gas wells are poor; but it must be remembered
that these are "exploratory" wells and their costs will be 20-30%
higher than a "development” well. It is not uncommon in the petroleum
1ndusthy_for the discovery "wildcat" in a field to never payout
because of the high costs of additional precautions and the additional
evaluation needed. By drilling additional gas wells, economies of
scale and better methods will hopefully make the additional wells

economical and help payout the original "discovery."

Sensitivity Analysis - Economics

The factors involved in making a commercial coalbed gas well are
numerous, from the reservoir parameters to the drilling and completing
of the wells. Models have been developed to simplify most of these
factors based on the present "oilpatch" technology and experience of

producing eastern U.S. coalbed gas well. By using sensitivity analysis
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the parameters which will affect our economics the most can be
determined. Sensitivity analysis will cover the following para-
meters:

Rate

Effective Decline
Depth

Economies of Scale
Operating Costs
Price

oo wn —
e o o s s

Rate

By increasing the initial average annual rate (IAAR) of our
singﬁe-seam model at 2200 feet, the net present value increases
(Figure 20). For IAARs of 15, 30, 45, 60, and 75 MCFPD, respective
NPVs of -$95,200, -$67,300, —$39,500, -$11,600, and +$16,300 are
calculated. At a rate of 66 MCFPD our model will reach a 20% rate
of return (ROR) before tax.

For the triple-seam model, IAARs of 30, 45, and 60 MCFPD result
in respective NPVs of -$34,500, +$49,]00, and +$132,700 (Figure 21).
The breakeven point is 36 MCFPD per seam or 108 MCFPD for a $187,000
well. The slope of the line is much steeper in the triple-seam case
as the well is producing three times the initial rate,

The steep slope for both analyses indicates that the net present
value is very sensitive to the initial average annual rate. Because
all the vertical axes (Net Present Value) are on the same scale, the
slope of the line will indicate sensitivity. ~

The rate will be mainly a function of coal rank, gas content,
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permeability, desorption rate, and fracture treatment effectiveness
as covered earlier in the technical evaluation of this report. The
probability of the rates being near these "most likely" values is

good but with production rates dependent on so many variables, the

range could be very wide, say from 0 to 100 MCFPD.

Effective Decline

Using 60 and 70 MCFPD as the IAAR on the single-seam model,
the sensitivity of the effective declines can be analyzed.

Assuming the effective decline is 2 percent higher (6 percent)
than our "most likely" effective decline of 4 percent the net present
values will decline (Figure 22). The inverse is true using an effec-
tive decline of 2 percent, where the NPVs improve.

The effective declines could easily be in the ranges presented
here. Although the effective decline does affect our cash flow, it

is less sensitive than the effect of varying rates.

Depth

Using the single-20-foot-seam model at 2200 feet and estimating
costs for completing the same zone at 1100 feet and 3300 feet (Table 4),
the rates at which a 20% ROR is obtained can be calculated (Figure 23).
The breakeven points for the IAARs of 55, 66, and 77 MCFPD are Tlower
for the seams at 1100, 2200, and 3300 feet, respectively as the wells
are less costly at the shallower depths.

The depths of coal seams can of course, cover a wide range, For
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the well operator trying to produce virgin-seam gas wells, the
greater the depth (down to the maximum gas content depth of 3500 to
5000 feet), the better the gas saturation. The increased costs of
drilling deeper holes at these shallow depths increases linearly.
If the "most 1ikely" rate of 30 MCFPD holds true, it will not
be economic to drill and complete a 20 foot seam. The depth of the
well directly affects the cost and the net present value will be

less with the increased costs.

Economies of Scale

By drilling more wells, the average cost/well will decline.
Additional wells do not have to be cored and tested and savings on
drilling costs can be as high as 20-30%. For 25 wells, a 25% saving
per well on drilling costs will be assumed. The 4-well program's
.drilling costs will equal the 1-well cost (Tables 8 & 9). For 4 and
25 wells, cores will be taken on 2 and 4 wells respectively. The
cost/well in a 25-well program will be roughly 85% of the 1-well cost.

“ Using the "most Tlikely" case (IAAR = 30 MCFPD) on the "triple-
seam" well, the project looks increasingly better with the lower
costs (Figure 24). The rate of return of 20% (BFIT) is reached if
well costs can be cut to $150,000 per well. The size of the project
will be based Targely on operator size, acreage position, cash flow,
and success ratio.

The curve of the 1ine indicates that the net present value is

affected more in the lower range of savings per increased number of



T-2028 76

COMPLETED COST 1 Hell Cost
4 Wells - 3 Seams 3300Q° 4 wells (Average)
Roads and Location : Same as 1 well
Fuel, Comp. Rig, Boilers, etc.
Hauling, Move in, etc.
Contract Drilling 3300' @ /ft
Daywork -- with Drill Pipe
Daywork -~ without Drill Pipe
Completion Unit
Bits
Rentals, Down Hole and Surface
Mud
Chemicals and Additives
Liguid Mud and Brines
Air Compressor Rental, etc.
District Expense -
Contingencies
Cementing, Surface & Intermediate
Total Drilling Cost $213,740 . § 53,435

FORMATION EVALUATION (For a1l 4 wells-Core 2)
Rig Time 4 days @ 3000/day 12,000
Cering 120 of core plug $10,000 testing 20,000
Drill Stem jesting . )
Well Surveys i
Loading (4 wells @ $5,000) 20,000
Contingencies 5,200
Total Formation Evaluztion Costs 57,200 14,300

fab]e-s ‘ DETAILED ESTIMATE FOR AUTHORITY FOR EXPENDITURE
' ITEM

COMPLETION COSTS
Rig Time Same as 1 well
Rentals and Labor
Perforating
Acidizing and Frac
Packers, BP, etc.
Trucking
Cement and Equipment
Wireline
Contingencies
Total Completion Cost 301,840 75,460
Total Intangible Cost 572,780 143,195

TANGIBLE COST .
Conductor Pipe Same_as 1 well
Surface
Intermediate
Production
Tubing
Well Heads
Rods
Pumping Unit
Engine
Miscellaneous

Total Tangibie Cost 139,000 34,750

LEASE EQUIPMENT
Flow Lines
Separator or Production Unit
Heater Treater
Tanks
Construction Cost and Miscellaneous
Total Lease Equipment
Total Well Cost €711.780 5177’011:




T-2028 77

TAILED ESTIMATE FOR AUTHORITY FOR EXPENDITURE
Table 9 it . COMPLETED COST 1 tell Cost
25 Wells - 3 seams 3300 25 Wells : {(Average)

DRILLING COST Economies of Scale - 75% of 1-well cost of $53,435
Roads and Location
Fuel. Comp. -Ria, Boilers, etc.
Hauiing, Move in, etc.
Contract Drilling
Daywork -- with Drill Pipe
Daywork -- without Drill Pipe
Completion Unit
Bits
Rentals, Down Hole and Surface
Mud
Chemicals and Additives
Liguid Mud and Brines
Air Compressor Rental, etc.
District Expense
Contingencies
_ Cementina, Surface & Intermediate
Total Drilling Cost $1.001.900 ¢ 40.076

FORMATION EVALUATION (Core 4)
Rig-Time g8 days @ $3,000/day 24000

foring _ 240' of core plus $20,000 testing 40,000
Driil Stem Testing -
Well Surveys

Logging 25 wells @ $5,000 125,000
Contingencies 18,900
Total Formation Evaluation Costs 207.900 8,316

COMPLETION COSTS
Rig Time Same as 1 well
Rentals and Labor
Perforating
Acidizing and Frac
Packers, BP, etc.
Trucking
Cement and Equipment
Wireline
Contingencies
Total Completion Cost 1.886.500 75 460
Tctal Intangible Cost 3.096.300_ 123 852

TARZIBLE CCST
Conductor Pipe Same_as 1 well
Surface
Intermediate
Production
Tubing
Yell Heads
Rods
Pumping Unit
Engine
Miscellaneous -
Total Tangible Cost - 868, 750 34,750

LEASE EQUIPMENT
Flow Lines
Separator or Production Unit
Heater Treater
Tanks
Construction Cost and Miscellaneous
TJotal Lease Equipment
Total Well Cost 3,965,050 158,602
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wells (1 to 25) versus an upper range (25 to 50 wells) where the

slope is less.

Operating Costs

If a Targe number of wells are drilled in an area, the cost/well
for maintenance will drop. If water production is greater than
expected or the water more saline, operating costs will rise.

For the triple-seam well producing a ﬁmost likely" rate of 30 MCF/
seam in a 20-well program, a 20% ROR could be reached with approximate
operating costs of $143/month/well (Figure 25).

The very shallow slope on this economic parameter indicates that

the net present value is not very sensitive to operations costs.

Price

By raising prices (through market demand if this gas remains
unregu1ated), the Tower rate wells begin to be economical (Figure 26).
Higher prices from intrastate pipelines or commercial users could also
ease some of the lower-rate wells into commercialability. Using the
various rates for our single-20-foot-seam at 2200 feet, the 30, 45,
and 60 MCFPD wells will make a 20% ROR at the approximate gas prices
of $3.30, $2.20 and $1.66/MCF, respectively.

The changing slopes indicate that the NPV is more sensitive to

prices at higher rates than lower rates.



T-2028

80

= ——"—— FIGURE 25
=== —= — VARYING OPERATIONS COST
== e —— NPV@20% vs. Oparations Cost
v ———=——————" | Well of 25 Well Program
= — = == for I triple seamwell @ 3300’
=E——————— Producing 30 MCF/seam
°\° —t ; ‘ pptiet femerprnl Inop ol

150



T-2028 81

FIGURE 26
VARYING PRICES

4 NPV @ 20% vs. Price /MCF
= | Well - 20ft. Seam @ 2200'

1.50 200 2.50 3.00



T-2028 82

Economic Overview

Degasification of coalbeds in the target areas/models reviewed
here is not economically feasible with the expected price of $1.50/
MCF and the projected costs to drill and complete. This is also
based on extrapolating a "most likely" initial average annual rate
of 30 MCFPD, an empirical rate, from eastern coal seams for one well.

Recent work in the southeastern United States may indicate sub-
stantially higher initial rates, but the data are insufficient at
this time. The initial rate is the most sensitive parameter in our
economic 9na1ysis, and is a function of gas content, desorption rate,
permeability, and fracture effectiveness. Besides higher production
rates, reduced costs through economies of scale would help the pro-
fitibility of the well. Better technological methods could be devel-
oped with time, to increase rates and lower costs. Deeper wells will
increase the cost of drilling, which will require a higher initial
average annual rate to obtain the desired rate of return.

The price has a varying sensitivity on the net present value,
increasing at higher gas rates and becoming less sensitive at lower
rates. Economic incentives by government, i.e. price supports, tax
credits (Wall Street Journal, December 5, 1977) or ERDA grants, would
encourage more than near-mine degasification in the Rockies. From
the additional knowledge obtained in western coals, better and less
costly methods could be developed.

The effective decline is less sensitive to the net present value

than those variables listed above. In the expected low range of
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declines, the wells will have a field 1ife of greater than 20 years:
with our "most 1ikely" rate of 30 MCFPD or more.

The least sensitive of the tested variables was the operations
costs, but it should not be ignored, After a well is completed, the
only things the field personnel can do to help the cash flow is to

maintain the gas production rate and lower the operations costs.
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CONCLUSION

Although the degasification of the coal seams in our target
areas/models are not economically feasible with our proposed assump-
tions, price increases, cost savings, or tax credits could make the
models marginally economic. Additional western.experience could
bring the drilling and completion costs down. From unpublished
production data on recently completed wells in Alabama, the empirical
initial average annual rate is conservative.

Degasification wells of virgin coal seams might only breakeven
or be marginally economic. But if wells are drilled ahead of
underground mining resulting in increased coal production, the degasi-

fication program will more than pay for itself.

84
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