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D. KEITH MURRAY & ASSOCIATES, INC.
1658 Cole Boulevard
Golden, CO 80401, U.S.A.

COALBED METHANE: NATURAL GAS RESOURCES FROM COAL SEAMS

INTRODUCTION

Methane trapped, or occluded, in coal beds is a virtually
untapped source of clean, sulfur-free, pipeline-quality energy
that today constitutes an economically viable exploration and
development objective. The production of gas from coal beds can
be accomplished by drilling and completing either vertical or
horizontal boreholes, utilizing essentially conventional
technology, with some modifications, especially in the completion
of such wells. In addition, many coalbed methane wells require
initial dewatering of the coal by means of a variety of pumping
arrangements. Most of the wells drilled for coal degasification
require reservoir stimulation, usually through casing
perforations, employing various combinations of hydraulic
fracturing, such as sand-water, sand-foam, or sand-gel, in order
to increase permeability to gas.

The production of gas from coal beds, unlike in-situ gasification
techniques, is non-destructive to the coal, except possibly by
the enlargement of already present cleats, or fractures, in the
coal as a result of hydraulic fracturing. Furthermore, coalbed
methane is high in heating value, generally between approximately
900 and 1,050 Btu/scf; conversely, gas produced from the in-situ
combustion of coal is low in heat content, typically in the range
of 150 to 300 Btu/scf.

The coalification process, by which organic matter (e.g. wood,
peat) is converted to coal, generates very large quantities of
methane, both biogenic (i.e., formed by bacterial action in the
early stages of diagenesis) and thermogenic (formed by thermal
reactions during the phase of catagenesis). This gas is stored
in high concentrations in both the coal and the associated
sediments after the gas-expulsion point in the coal has been
attained. Volume-for-volume, high-rank coals are capable of
storing several times as much gas as are porous sandstone
reservoirs under similar conditions of pressure, due to the
extremely Bigh internal surface aEeas of coal~-as high as 1.5
million ft¢/1lb {(or about 3,300 ft</g) (Cervik, 1969).

Until recently, methane from coal beds has been considered an
"unconventional" resource because of the unigque properties of
coal, which constitutes both a source and a reservoir of natural
gas. Coal is an extremely complex substance, one that still is
incompletely understood. According to Van Krevelen (1961), coal
has many attributes: it is a fuel, an organic sediment, a rock,
a collection of plant debris, an organic chemical substance, a
solid colloid, and a chemical reactant. It is not surprising,
then, that such aspects as the reservoir behavior of coal are so
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difficult to predict and to model, unlike the more conventional
sandstone or carbonate rock reservoirs. 1In geologic basins such
as the San Juan of Colorado and New Mexico and Black Warrior of
Alabama, the experience of certain petroleum industry operators
has progressed to the point where coalbed methane now may be
considered a conventional resource, albeit one possessing a
number of unsolved problems, particularly in the area of
production. '

An important characteristic of coalbed methane wells, in
particular those that initially produce water along with the gas,
is an increase in gas production with time and a corresponding
decrease in water production. This gas production incline may
persist for several years before the inevitable decline occurs.
Based on limited, but well-documented, production histories, it
appears that typical coalbed methane wells will be long-lived.

When optimum conditions of rank, gas saturation, reservoir

temperature, coal permeability, and other critical factors are

present, a high rate of success should be experienced in the

development of a coalbed methane field or pool. The ubiquitous

nature of methane in coal beds generally is independent of

structural position in a basin--i.e., whether anticlinal or
synclinal--except as structural deformation may affect the

permeability of a coalbed reservoir. B

The resource base of coalbed methane in the United States alone

is indeed immense. Preliminary estimates, based on very

incomplete data on only the 48 conterminous states, place this

resource in the range of 400 to 800 or more trillion cubic feet o

(Tcf) in-place. Estimates for individual basins vary from a few
Tcf to more than 80 Tcf. ’

COAL AS A SOURCE AND RESERVOIR OF NATURAL GAS

Coal beds are both the source and a reservoir of the gas that is
formed as a by-product of coalification, which is defined as the
process by which vegetal material progressively evolves from peat
to lignite to subbituminous, bituminous, and anthracite coal.
According to Van Krevelen (1961), coalification ". . . may be
defined as the gradual increase in carbon content of fossil
organic material in the course of a natural process" (p.45). The
peat-forming process involves biochemical reactions (diagenesis);
bituminous and higher rank coals pass through a geochemical
(thermogenic or catagenic) stage. The thermal maturation, or
metamorphism, of humic kerogenous (Type III) organic matter
(largely oxygen-rich lignin and cellulose) results in a
progressive devolatilization of the kerogen in the coal, together
with an increase in carbon content, decrease in moisture content,
increase in calorific value and in percent vitrinite reflectance,
increase in the degree of molecular ordering, and a marked
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increase in thermally generated methane. The important aspects
of calculating the thermal maturity of organic material in
sediments (N.V. Lopatin's "Time-Temperature Index" of maturity),
of kerogen maturation relative to vitrinite reflectance (as
portrayed in the Van Krevelen diagram) and other source rock
modelling techniques are well described in papers by Waples
(1981), Meissner (1984), Rightmire, Eddy and Kirr (1984), and
Choate, McCord and Rightmire (1986), in addition to Van Krevelen
(1961).

The coalification process, from peat through anthracite,
generates very large volumes of methane, with lesser amounts of
carbon d%oxide and nitrogen. From wood to low-rank lignite, some
1,350 ft”/ton of biogenic methane is generated (from Mott's
Model, in Francis, 1954). From high-volatile bituminous to
anthracite rank,3the volume of thermally generated methane may
exceed 10,000 ft-/ton of coal (Meissner, 1984, p. 418).

Not all of the methane generated during the coalification process
migrates, or is expelled, out of coal beds. Coal has the
capacity to retain, store, or adsorb (absorb?) methane in varying
amounts. Methane storage is achieved by two primary methods:

(1) in the microporosity system, wherein the gas is adsorbed
within or upon the molecular structure of the kerogen in the
coal, as well as in the micropores; and (2) in the macroporosity
system, by conventional volume storage within the cleats, or
fractures, that almost always are present in the coal (Meissner,
1984). The retention of methane in coal also can be expressed as
follows: (1) as sorbed molecules on the internal surfaces or
within the molecular structure of the coal; (2) as gas trapped
within the matrix (macro- or micro-) porosity, which typically
occurs in the 52 to SOOK-plus size range; (3) as free gas within
the cleat and fracture systems; and (4) as gas dissolved in the
free water that may exist in the cleats and fractures (Choate,
McCord and Rightmire, 1986). The volumes of methane that can be
stored by molecular absorption and in the microporosity system
are determined by (1) coal rank, (2) temperature, and (3)
reservoir pressure (Meissner, 1984).

It is important to note that lower rank coals--i.e., those below -
medium-volatile bituminous--are characterized by having storage
capacity beyond that of generation. Furthermore, expulsion of
methane takes place at the point at which generation exceeds
storage capacity under conditions of constant temperature and
pressure. It can be seen, then, that methane in coals presents
problems and paradoxes that are not found in the more ‘
"conventional" reservoir rocks. For example, one cubic foot of
sandstone having 15 percent porosity and 75 percent gas
saturation, at a depth of 2,500 feet, can hold 8.4 scf of gas,
whereas the same volume of medium-volatile bituminous coal at the
same depth can store 22 scf of gas, or 2.6 times as much. This
phenomenon in part is due to the unique molecular structure of
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coal, wherein the micropore system behaves as a molecular sieve,
or a clathrate cage (analogous to the structure of zeolite )
minerals), in which methane molecules are nested within benzene
rings. Another problem involves the dynamic nature of an
accumulation of coal-derived methane which results from the
ability of coal to act both as a '"gas-generating machine", which,
together with contiguous sandstone reservoir beds, contain the
critical indigenous elements of source, migration paths, and
traps (Meissner, 1984), and as an absorbing 'sponge". Under
conditions of thermal heating, coals may continue to generate
methane, expelling it into the surrounding sediments when the
total storage capacity of the coal has been exceeded. On the
other hand, in basins undergoing thermal cooling, the coals will
tend to readsorb from the surrounding clastic reservoirs the gas
that the coal beds originally generated as their storage capacity
is increased during the cooling phase. The thermal heating/high-
volume gas generation and cooling/gas readsorption process can
result in overpressured and underpressured gas accumulations,
respectively, which are common in many of the coal-bearing North
American Rocky Mountain basins. From the above, it is obvious
that estimating the potential recoverable reserves and resources

of methane contained today in a particular coal deposit will be a
difficult and elusive task.

COMPOSITION OF COALBED GAS

Gas produced directly from coal beds almost always is of pipeline
quality, being composed of from approximately 90 to 95 percent
methane, in most instances, with minor amounts of heavier
hydrocarbons, CO,, N5, O,, H,, and He, and with heating values
generally between 958.an§ 1,850 Btu/scf (pure methane has a
heating value of 1,012 Btu/scf at 60° F and atmospheric
pressure). Analyses of gases recovered from certain relatively
deep (greater than 5,000 feet), high-rank coals have indicated
the presence of ethane and heavier hydrocarbons in concentrations
of from 10 to 15 percent. The presence of H5S and other sulfur

compounds in coalbed gas is virtually unknown, even from high-
sulfur coals.

The composition, volumes, and liberation rates of hydrocarbons
generated by the coalification process appear basically to be a
function of the relative abundance of the various macerals--
vitrinite, alginite, exinite, etc.--that are found in coals
(macerals are microscopic components of coal and consist of the
remains of the original plant material) (Ulery, 1984).

Additionally, the level of thermal alteration has a decided
effect upon the composition of the hydrocarbons generated by
terrestrial (Type III) organic matter. There is good evidence
that autochthonous generation by hydrocarbons may, in some
situations, occur at lower levels of thermal maturity (i.e., at
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vitrinite reflectance levels of less than 0.6% R.) than generally
believed (Snowdon and Powell, 1982). Furthermore, ethane and
propane have been observed in immature sedimentary environments
resulting from diagenetic reactions that may parallel or
immediately follow the formation of biogenic methane (Schoell,
1983). In some basins (e.g., San Juan of Colorado and New
Mexico), significant quantities of high-gravity liquid
hydrocarbons (condensate?) are produced in certain wells,
indicating the capacity of some types of coals to generate "oil".

PRODUCTION OF COALBED METHANE

Methane has been produced from coal beds through boreholes since
the turn of the century. These holes include water wells and
degasification holes, ranging from vertical to horizontal,
designed to drain as much methane as possible for safety reasons
from virgin coal seams prior to mining (see Skow, Kim and Deul,
1980). A number of production case histories are described in
Tilton (1976), TRW Energy Engineering Division (1981), Murray
(1981), Rightmire, Eddy and Kirr (1984), Choate, McCord and
Rightmire (1986), Trevits and Finfinger (1986), Tew and Mancini
(1986), and Shirley (1986).

A paper essential to the understanding of the behavior of coal-
gas reservoirs was prepared by Cervik (1969), who observed that
gas occurs in coal beds in both an adsorbed and a free state.
Adsorbed gas is stored in the matrix, or micropores, of the coal
and desorbs and diffuses through the coal at a rate governed by
the diffusion process described by Fick's law or by other
diffusion models, the driving force being a concentration
gradient. Once the gas has migrated into the larger pores and
into the cleat and fracture system, it then will flow into the
well bore (or mine) according to Darcy's law, being driven by
pressure gradient. These two types of mass transport are
interdependent. The majority of coalbed reservoirs are at
essentially hydrostatic pressure; and they depend on a system of
fractures and cleats for most of their permeability. The
relative permeabilities to both gas and water are critical to the
initial production of methane from coalbed reservoirs. 1In water-
saturated coals, water must be removed (usually by pumping) in
order to upset the equilibrium that exists between the methane
adsorbed within the micropores and that existing in the fracture
system. Once a pressure gradient has been established, methane
will first diffuse into the fracture system and then from the
fractures into the wellbore, where the pressure has been lowered
to less than hydrostatic. Ultimately, the productivity of a
coalbed gas well will be largely dependent upon the ability to
lower reservoir pressure and water saturation (if present) in the
coalbed reservoir. A multiwell pattern is necessary in order to
create drainage boundaries or areas of interference. Kissell and
Edwards (1975) have demonstrated that by lowering the water
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saturation in the fractures and cleats in the coal, the effectlve
permeability to gas is increased (i.e., more space is made
available to the gas phase), resulting in an increasing rate of
gas production and a corresponding decrease in rate of water
production. Such "negative declines" have been observed in a
number of coalbed methane wells in productive areas such as the
San Juan and Black Warrior basins.

Drilling and production activities involving coalbed methane
wells in the most active areas in the United States--the San
Juan, Black Warrior, Piceance and Raton basins--are summarized in
the issues of the Quarterly Review of Methane from Coal Seams
Technology {(Gas Research Institute, 1983 - ).

RESOURCES OF COALBED METHANE

A wide range of estimates pertaining to total in-place coalbed
methane resources in the conterminous United States have been
published since 1978. These estimates vary from a minimum of 72
Tcf to a maximum of 860 Tcf, with estimates of recoverable
resources ranging from 10 to 487 Tcf. All of these estimates
must be considered as very preliminary because they are based on
incomplete data regarding both the magnitude and character of
U.S. coal resources below 3,000 feet in depth and on the in-situ
gas content of most of the coal beds involved. If one uses the
data presented in Averitt (1975), the following estimate could be
made: Estimated remaining coal resources in the United States,
as of January 1, 1974, including total identified and
hypothetical resources remaining in the ground beneath 0 - 6,000
feet of overburden, are 3,968 billion short tons (or
approximately 4 trillion tons). If only 50 percegt of this
resource has an in-situ methane content of 200 ft°/ton (6.25
cc/g), then the total in-situ coalbed methane resource of the
United States, including Alaska, could be on the order of 400
Tcf. This probably is a conservative figure for several reasons:
(1) The total remaining U.S. coal resource in the ground is
believed to be considerably more than 4 trillion tons, based on
recent resource evaluations and on the fact that thick coal beds
are known to exist below the 6,000-foot depth cutoff used by
Averitt (1975) (in fact, coals occur at depths greater than
10,000 to 15,000 feet in some basins in the Rocky Mountain
region); and (2) the gas content of many deposits of coal in the
gsurface (principally, below 500 to 1,000 feet) exceeds 200
t°/ton (6.25 cc/g), as shown by nghtmlre, Eddy and Kirr (1984)
and Diamond, La Scala and Hyman (1986). Published maps (as in
Averitt, 1975; and Rightmire, Eddy and Kirr, 1984) also do not
accurately represent the rank of all the coal deposits known to
exist in many of the western U.S. basins, especially of those
coals occurring below mineable depths. For example, from sample
data from wells drilled for oil and gas, it is known that the
rank of coals may increase considerably with depth. The low-rank
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bituminous coal known from analyses of outcrop or coal mine
samples may be low-volatile bituminous, or even approaching
anthracite, from the same stratigraphic interval at a depth of,
say, 10,000 feet.

PROBLEMS OF ASSESSMENT OF COALBED METHANE RESOURCES

The following are examples of some of the problems that
complicate the assessment of this very large resource:

1. How can the gas resource present in low-permeability
("tight") sandstone reservoirs be separated from that stored
in or derived from coal beds, particularly where these two
types of reservoirs are intimately interbedded (as in the
case of the Mesaverde Group in the Rocky Mountain region)?
Most of the gas generated by the cocalification process today
is not present in the coals themselves; much of this coal-
derived gas now may be trapped in other reservoir beds that
are in close proximity to the coals.

2. If situations exist where it can be demonstrated that
coal beds continue to recharge contiguous producing clastic
reservoirs as a pressure differential between the two is
established, how should such possibilities be addressed in
unproven areas (as described in Meissner, 1984; and
Rightmire, Eddy and Kirr, 1984)? Wyman (1984) believes that
at least 50 percent of the gas in certain coal beds in the
Lower Cretaceous sequence in the "Deep Basin" of western
Canada can be recovered from the adjacent sandstones and
conglomerates by means of diffusion from the coal matrix and
Darcy flow through open fractures.

3. How does on evaluate an area in which coal beds occur
within the window of active gas generation? Welte and
others (1984, p. 47) describe the Elmworth gas field,
located in the "Deep Basin" of northwestern Alberta, as
being in ". . . a dynamic situation where gas is continually
being generated in the center part of the Deep Basin and
lost toward the surface and the more porous edge. 1In the
inner core of the gas-generating rock column diffusion
processes seem to be the predominating mode of
transportation.”" The dynamic nature of coalbed "gas
machines" is an extremely complex, yet very important,
phenomenon that demands considerably more research.

RATIONALE FOR COALBED METHANE EXPLORATION

Exploration for coalbed methane should include aspects of both
coal geology and petroleum geology, as well as a nonconventional
approach to reservoir engineering. Predrilling activity should
evaluate the geology of the entire coal-bearing sequence,
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including any interbedded low-permeability ("tight") gas-bearing
sandstones. ‘ .

studies should address the physical and chemical nature of the
coal (rank, chemistry, depositional environment, etc.), the
thermal history and hydrodynamics of the region of interest,
thickness of the coal beds and of the overburden, geologic
structure and tectonic features such as fracture patterns and
igneous activity, coalbed gas desorption data in the study area,
and a petrographic analysis of available coal cores and well
cuttings.

CONCLUSIONS

Coal constitutes one of the richest known sources of
hydrocarbons. The coalification procesg generates very large
volumes of methane--more than 8,000 ft-°/ton of high-rank coal--
that is biogenic and thermogenic in origin. Coal is an extremely
complex organic substance and possesses the unique capability of
being both a source and a reservoir of natural gas.

Consequently, the reservoir behavior of cocal, its production
characteristics, and other aspects so important to the natural
gas industry are difficult to predict and to model. 1In this
sense, coalbed reservoirs can be considered "unconventional'.
However, the growing successful experience of operators in basins
such as the San Juan in Colorado and New Mexico and the Black
Warrior in Alabama has advanced to the point where coalbed
methane now may be treated as a conventional resource. Gas from
coals is an attractive exploratory objective for reasons that
include the relatively shallow depths of most deposits of coal,
the ubiquitous occurrence of gas in coal, and the very large gas
generation and storage capacities of the higher rank coals.
Furthermore, coal gas wells typically experience an increase in
gas production with time, and a corresponding decrease in water
production, if any. The production incline of some coalbed
methane wells is expected to persist for a number of years, based
on the few well-documented production histories that are
available.

Methane trapped in coals beds is a virtually untapped source of
clean, pipeline-quality energy that today is an attractive,
economically viable objective for the gas producing industry.
Based on very preliminary studies, trillions of cubic feet of
recoverable methane are believed to exist in many of the coal-
bearing areas in the United States, as wells as in both western
and eastern Canada.

In an adjudication dated March 1980, Judge :3lenn R. Toothman, of
Greene County, Pennsylvania, stated that ". . . (coalbed gas) is
similar to other natural gases found below the earth's surface in
composition and content, but which, in the manner of its origin
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has, different from the other gases, a close affinity for and
association with coal seams. 1In its original state it permeates
and penetrates the coal bed, is its alter ego, its constant
companion, its geological handmaiden, and is sometimes viewed as
its contumacious free-spirited bride, but more generally regarded
as its ill-chosen bridesmaid. It is found with the coal when
they come to mine it, stays with coal as it leaves, and remains
in the space after the mining has been done. 1Its past has been
filled with peril and tragedy, its present is seen as having a
modest commercial attractiveness, and its future as a fuel
potential has become increasingly brighter."

D. Keith Murray
November, 1989
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