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(57) Procede de traitement d’un melange de fluides
gazeux a l'interieur d’une formation charbonneuse
souterraine solide. Selon certains modes de réalisation,
I"1nvention preévoit d’¢liminer un flmde gazeux a forte
adsorption a 1'intérieur du gisement. Selon d’autres
modes de realisation possibles, 1'invention prévoit un
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(57) A method for treating a mixture of gaseous fluids
within a solid carbonaceous subterranecan formation. In
some embodiments, the invention provides for the
disposal of a strongly adsorbing gaseous fluid within
the formation. In other embodiments, the invention
provides a means for fractionating a mixture of gaseous
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systeme de fractionnement d’un meélange de fluides — fluids within the formation. In still other embodiments,
gazeux a I'intérieur du gisement. Selon un autre mode de  the invention provides for the recovery of a raffinate
realisation, 1'mmvention prévoit la reécupération d'un  from the formation which 1s enriched 1n relatively
produit de raffinage 1ssu du gisement, enrichi de fluildes  weaker adsorbing gaseous fluids. In still other
gazeux a pouvoilr d’adsorption relativement plus faible. embodiments, the invention provides for the recovery
Toujours selon un autre mode de réalisation possible, of methane from the formation.

I'invention prevoit la récuperation du meéthane du

gisement.
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(57) Abstract

|

A method for treating a mixture of gaseous fluids within a solid carbonaceous subterranean formation. In some embodiments, the
invention provides for the disposal of a strongly adsorbing gaseous fluid within the formation. In other embodiments, the invention provides
a2 means for fractionating a mixture of gaseous fluids within the formation. In still other embodiments, the invention provides for the
recovery of a raffinate from the formation which is enriched in relatively weaker adsorbing gaseous fiuids. In still other embodiments, the

invention provides for the recovery of methane from the formation.
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EIELD OF THE INVENTION
The present invention relates to methods which utilize a solid
carbonaceous subterranean formation’s ability to preferentially sorb gases to
10 f{ractionate a mixture of gaseous fluids within the formation and to dispose of

strongly adsorbing gases within the formation.

BACKGRQUND OF THE INVENTION

Numerous industrial processes discharge streams which contain a
15  mixture of various gaseous fluids. There is increasing concern that some of the
constituents of the effluent streams may cause significant environmaental
problems, and that these streams therefore should not be released into the
atmosphere. Carbon dioxide is a compound which is a constituent of many of
the effiuent streams released from industrial processes and whose release into

20 the atmosphere is causing increasing concem.

It is hypothesized that carbon dioxide released into the atmosphere acts
as a green-house gas and that too high a concentration of green-house gases
in the atmosphere will cause global warming. In response to this potential
threat, many governmental bodigs have either enacted or pian to enact

235 regulations limiting the quantity of carbon dioxide which can be released into
the atmosphere. These regulations can hamper many industries because the
combustion of virtually any hydrocarbon fuel with air produces an effiuent
containing carbon dioxide, nitrogen, and other gaseous combustion products.

The mixture of gases which rasults from the combustion of a hydrocarbon

30 with oxygen or air is hereinafter referred to as "flue gas." The chemical
composition of flue gas depends on many variables, including but not limited to,
the combusted hydrocarbon, the combustion process oxygen-to-fuel ratio, and
the combustion temperature. In addition to carbon dioxide and nitrogen, flue
gas may contain compounds such as carbon monoxide, oxides of sulfur, oxides

35 of nitrogen, and other constituents. The relezse of these compounds to the
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atmosphere also is coming under increasing public scrutiny and is the subject
of increasing governmental regulation.

In addition to being a hydrocarbon. combustion product, carbon dioxide
can be produced by natural processes and released to the environment during

S5 a non-combustion process. For exampie, carbon dioxide is produced by the
thermal and biogenic processes which are believed to form hydrocarbons such
as oil, naturai gas, or coal. Carbon dioxide often is recovered with these
hydrocarbons and released to the atmosphere by various post-production
steps.

10 There are sevaral types of commerciaily available systems which may be
used for removing carbon dioxide from gas streams. One of the most
commonly-used systems utilizes a selective amine absorption solution to strip
the carbon dioxide from the gas stream. Unfortunately, this type of system wili
not tolerate high leveis of particulates or oxides of sulfur. Particulates cause

15 plugging, contamination, and erosion or corrosion of the treating process, whiie
oxides of sulfur, such as sultur dioxide (SO2) react irreversibly with the amine
solution utilized in the system to form non-regenerabie by-products. Therefore,
if particulates or oxides of suifur are present, extra process steps are required to
remove the oxides of suifur and particulates prior to stripping the carbon dioxide

20 from a gas stream. These extra process steps add complexity and cost to the
system.

The increasing concern over the atmospheric reiease of carbon dioxide
and other compounds demands methods by which to dispose of the
compounds. Because the waste compounds often are a constituent of a

25 volumetrically larger effluent stream, it is preferred that the disposal methods
somehow utilize the larger effiuent streams to enhance the efficiency of the
overall process and/or to facilitate the recovery of a vaiuable product using the
process in addition to providing for the disposal of carbon dioxide contained
therein. |

30 Preterably, the methods also should be capable of disposing of both
carbon dioxide and other contaminants together, without the need to use a
process step to dispose of carbon dioxide and another separate process step to
dispose of other contaminants, such as oxides of suifur and oxides of nitrogen.

As used herein, the following terms shall have the following meanings:

35 (a) “adsorbate" is that portion of a mixture of gaseous fluids
which is preterentially adsorbed by a carbonaceous matrix of the solid
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carbonaceous subterranean formation and which is recovered from the
formation when the total pressure within the formation is reduced:;

(b) T“cleats” or "cleat system" is the natural system of fractures
within a solid carbonaceous subterranean formation;

(c) a “coalbed” comprises one or more coal seams in fluid
communication with each other; |

(d) "desorbing fluid™ includes any fiuid or mixture of fluids
which is capable of causing methane to desorb from a solid carbonaceous
subterranean formation;

(e) “formation parting pressure"” and "parting pressure” mean
the pressure needed to open a formation and propagate an induced fracture
through the formation;

()  “fracture half-length” is the distance, measured along the
fracture, from the welibore to the fracture tip;

(g) ‘“pretferentially sorbing", “preferentially sorbs*, and
"preterential sorption™ refer to processes which occur within a solid
carbonaceous subterranean formation that alter the relative proportions of the
components of a gaseous fluid. These processes may alter the relative
proportions of the components of a gaseous fluid by equilibrium separation,
kinetic separation, steric separation, and/or any other physical or chemical
processes or combination of processes which within a solid carbonaceous
subterranean formation will selectively alter the relative proportions of the
components of a mixture of gaseous fiuids. Within the formation, the gases
sorbed to the carbonaceous mater:al of the formation will be enriched in
relatively stronger adsorbing fiuid components;

(h) ‘“raffinate” refers to that portion of a mixture of gaseous fluids
injected into a solid carbonaceous subterranean formation which is not
preferentially sorbed by the formation;

(i) “recovering®™ means a controlled collection and/or
disposition of a fluid, such as storing the fiuid in a tank or distributing the fiuid
through a pipeiine. "Recovering" specifically exciudes venting the fiuid into the
atmosphere; |

()  “reservoir pressure" means the pressure of a productive
formation near a well during shut-in of that well. The reservoir pressure can
vary throughout the formation. Also, the reservoir pressure of the formation
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may change over time as desorbing fluid is injected into the formation and
fluids are produced from the formation;

(k) "solid carbonaceous subterranean formation” refers to any
substantially solid carbonaceous, methane-containing material located below
the surface of the earth. It is believed that these methane-containing materiais
are produced by the thermali and biogenic degradation of organic matter. Solid
carbonaceous subterranean formations include but are not limited to coalbeds
and other carbonaceous formations such as antrium, carbonaceous, and
devonian shales. The formations utilized by the invention include formations
which are depleted of racoverable methane;

(1) “sorption” refers to a process by which a gas is held by a
carbonaceous material, such as coal, which contains micropores. The gas is
held on the carbonaceous material in a condensed or liquid-like phase within
the micropores, or the gas may be chemically bound to the carbonaceous
material; and

(m) “well spacing” or "spacing” is the straight-line distance
between the individual wellbores of a production well and an injection well.
The distance is measured from where the wellbores intercept the formation of
interest.

Iy,

One object of this invention is to provide a method for fractionating a

mixture of gaseous fluids within a solid carbonaceous subterranean formation.

Another object of the invention is to provide a method for disposing of a
strongly adsorbing fiuid within a solid carbonaceous subterranean formation.

Yet another object of the invention is to provide a method for disposing of
carbon dioxide within a solid carbonaceous subterranean formation.

Still another object of the invention is to provide a method for disposing
of carbon dioxide within a solid carbonaceous subterranean formation while
simultaneously recovering methane from the formation.

Another object of the invention is to provide a method for fractionating a
mixture of gaseous fiuids containing relatively stronger adsorbing fiuids and
relatively weaker adsorbing fiuids within a solid carbonaceous subterranean

formation, and for recovering a gaseous effiuent enriched in relatively weaker
adsorbing fluids from the formation.

PCT/US95/03689 .
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Another further object of the invention is to utilize the recovered gaseous
effluent enriched in relatively weaker adsorbing fiuids to enhance the recovery
of methane from a solid carbonaceous subterranean formation.

Yet another further object of the invention is to provide a method for
disposing of unwanted gaseous fluids within a solid carbonaceous
subterranean formation that has baen at least partially depleted of recoverabie
methane. .

Still yet another further object of the invention is to provide a method for
disposing of flue gas within a solid carbonaceous subterranean formation.

The above objects of the invention are satisfied by the following aspects
of the invention: |

The first aspect of the invention is a method for fractionating a mixture of
gaseous fluids within a coal seam, the method comprising the steps of:

a) introducing a mixture of gaseous fluids comprising a
weaker adsorbing fiuid component and a stronger adsorbing fluid
component into the coal seam: and

b) recovenng a raffinate, enriched in the weaker adsorbing
fiuid component, from the coal seam.

In a second aspect of the invention, a method is disclosed for recovering
methane from a solid carbonaceous subterranean formation penetrated by an
injection well and a production well, the method comprising the steps of:

a) injecting a desorbing fiuid having a volume percentage of
carbon dioxide equal to A into the solid carbonaceous subterranean
formation through the injection weli;

b) recovering an effluent comprising methane from the
production weil;

C) monitoring the compasition of the effluent produced in step
b); and |

d) ceasing recovery of the effluent produced in step b) when a
volume percentage of carbon dioxide in the effluent recovered in step b)
is greater than 0.5 A. |
In a third aspect of the invention is, a method is disciosed for recovering

methane from a solid carbonaceous subterranean formation penetrated by an
injection well and a production well, the method comprising the steps of:
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a) injecting a desorbing fiuid, having a volume ratio of carbon
dioxide to other injected desorbing fluid components equal to B, into the
solid carbonaceous subterranean formation through the injection well;

b) recovenng an eftiuent comprising injected desorbing fluid

5 and methane from the production weli;

C) monitoting the volume ratio of the carbon dioxide to other
injected desorbing fluid components contained in the effiuent recovered
at the production well; and

d) ceasing recovery of the effiuent from the production waell

10 when the volumae ratio of carbon dioxide to other injected desorbing fiuid
components within the effluent recovered at the production weli is greater
than 0.5 B and at least 70 percent of the methane available to the
production well has been recovered.
in a fourth aspect of the invention, a method is disclosed for disposing

15 carbon dioxide within a solid carbonaceous subterranean formation, the

method comprising the steps of:

a) injecting a desorbing fluid, having a volume ratio of carbon
dioxide to other injected desorbing fluid components equal to B, into the
solid carbonaceous subterranean formation:

20 b) withdrawing a gaseous effluent having a volume ratio of
carbon dioxide to other desorbing fiuids of iess than B from the formation;
and

c) ceasing to withdraw the gaseous effluent from the formation
when a volume ratio of carbon dioxide to other injected desorbing fluid

25 components within the gaseous effiluent withdrawn in step b) is greater
than 0.5 B.

In a fifth aspect of the invention is a method for disposing of an unwanted
gaseous fluid component within a solid carbonaceous subterranean formation,
the method comprising the steps of:

30 a) introducing a gaseous fiuid, comprising the unwanted
gaseous fiuid component, into the formation to sorb the unwanted
gaseous fiuid component to the formation; and

b) maintaining disposal conditions within the formation to
ensure that at least 10 percent of a disposal saturation level of an

35 unwanted gaseous fluid component remains sorbed to the formation.
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In a sixth aspect of the invention, a method is disclosed for disposing of
an unwanted gaseous fluid component within a coal seam, the method
comprising the steps of:

a) introducing a gaseous fluid, containing the unwanted
gaseous fiuid component, into the coal seam; and

b) ceasing to introduce the gaseous fluid into the coal seam
when the coal seam becomes saturated to a desired degree with the
unwanted gaseous fluid component.

in a seventh aspect of the invention, a method is disclosed for disposing
of an unwanted gaseous fluid component, the method comprising the step of:
injecting a gaseous fluid, comprising the unwanted gaseous fiuid component,
into a coal seam which is at least partially depieted of methane under disposal
conditions to cause the unwanted gaseous fiuid component to sorb to the coal
seam and to minimize the release of unwanted fluid component to the
atmosphere.

In some aspects, the invention provides a means for disposing of large
quantities of an unwanted gaseous fluid within a solid carbonacecus
subterranean formation. Some aspects allow fluids such as flue gas, which
may contain oxides of nitrogen, oxides of sulfur, carbon monoxide and/or
carbon dioxide, to be introduced into a solid carbonaceous subterranean
tormation to enhance the recovery ot methane from the formation. The
invention further provides an efficient means for producing a nitrogen-enriched
effluent stream which can be utilized to enhance the recovery of methane from a
soiid carbonaceous subterranean formation. Other aspects allow fluids such as
flue gas to be disposed of within a solid carbonaceous subterranean formation
without requiring separate processing systems for the carbon dioxide and the
oxides of sulfur. |

Numerous other advantages and features of the present invention will
become readily apparent from the following detailed description of the
invention, the embodiments described therein, the claims, and the
accompanying drawings.

BBIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a graph of the total gas production rate over time from a fully
methane-saturated coaibed into which several different gaseous compositions

have been introduced.
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FIG. 2 is a graph of the cumulative methane predicted to be recovered
from the coailbed of FiG. 1.
FIG. 3 is a graph of the volume percent of methane predicted to be
present in the effiuents recovered from the coalbed of FIG. 1.
5 FIG. 4 is a graph of the volume percent of nitrogen predicted to be
nresent in the effluents recovered from the coalbed of FIG. 1.
FIG. 5 is a graph of the volume percent of carbon dioxide predicted to be
present in the effluents recovered from the coalbed of FIG. 1.
FIG. 6 is a graph of predicted methane recovery rates for the coaibed of
10 FiG. 1.
FIG. 7 is a graph of cumulative methane recovered versus cumuiative
desorbing tiuid injected into the coalbed of FiG. 1.
FIG. 8 is a graph of the cumulative voiume of nitrogen recovered from a
methane-depieted coalbed which is used to fractionate a mixture of gaseous
15 fiuids containing 15 voiume percent carbon dioxide and 85 volume percent
nitrogen.
FiG. 9 is a graph of the cumulative mixture of gaseous fiuids which are
injected over time into the depleted coalbed of FIG. 8.
FiG. 10 is a graph of the recovery rate of nitrogen from the depleted
20 coalbed of FIG. 8.
FIG. 11 is a graph of the total gas recovery rate over time from a fully
methane-saturated coalbed. The graph compares the total gas recovery rate
- when pure carbon dioxide is injected into the bed to the recovery rate when a
mixture containing 7C volume percent carbon dioxide and 30 voiume percent
25 methane is injected into the coalbed.
FIG. 12 is a graph of the cumulative volume of methane predicted to be
recovered from the coailbed of FIG. 11.
FIG. 13 is a graph of the volume percent of methane predicted {0 be
present in the effluents recovered from the coalbed of FIG. 11.
30 FIG. 14 is a graph of the volume percent of carbon dioxide predicted to
be present in the effluants recovered from the coalbed of FIG. 11. -
FIG. 15 is a graph of the predicted methane recovery rates for the
coalbed of FIG. 11.
FIG. 16 is a graph of the predicted carbon dioxide recovery rates for the
35 coalbed of FIG. 11. '
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FIG. 17 is a graph of the predicted total gas production rates for coalbed
of FIG. 11.

FiG. 18 is a graph of predicted cumulative methane recovered from the
coalbed versus cumulative desorbing fluid injected for the coalbed of FIG. 11.

DESCRIPTION OF THE EMBODIMENTS

While this invention is suscaptible of embodiment in many different forms,
there is shown in the FIGS., and will herein be described in detail, specific
embodiments of the invention. It should be understood, however, that the
present disciosure is to be considered an exemplification of the principles of the
invention and is not intended to limit the invention to the specific embodiments
lilustrated. |

Solid carbonaceous subterranean formations, such as coal seams, are
compnsed of carbonaceous materiel. The carbonaceous material includes a
matrix, having an extensive system of micropores, and a system of fractures
which penetrate the matrix, commonly referred to as “cleats™. The system of
micropores provides a large internal surface on which gaseous fiuids can
adsorb. The present invention exploits the differing adsorption strengths of
various gaseous fiuid molecules on the carbonaceous material of the formation,
and the ability of large quantities of unwanted gaseous fluid components to sorb
to the micropores of a carbonaceous matrix.

Injacted Gaseous Fiuid

in general, a gaseous fluid molecule that has a relatively stronger
adsorption strength will preferentially sorb to the carbonaceous material of the
formation over a gaseous fluid molecule that has a weaker adsorption strength.
The amount of any gaseous fluid which will sorb to the carbonaceous material
of a formation is dependent in part on the relative adsorption strength of the
gaseous fiuid for the carbonaceous matrix, the capacity of the carbonaceous
matrix for holding the gaseous fluid of interest, the tendency of the gaseous fiuid
molecules of interest to chemically react with the carbonaceous material and
thereby chemisorb to the material, and the pressure and temperature present
within the formation. |

An important factor in the operation of the prasent invention is the relative
adsorption strengths of the componerits of an injected mixture of gaseous fiuids
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to one another and to any fluids, such as methane, which may already be
present within the formation.

For a carbonaceous material such as coal, it is believed that the

atmospheric boiling point of a fluid is indicative of the relative adsorption

5 strength of the molecules or compounds which make up the fluid. Table 1 lists
the atmospheric boiling point of several common fiuids.

TABLE 1

Compound/Molecule Boiling_ Point

Helium (He) -268°C Weaker Adsorption Strength
Hydrogen (H2) -253°C

Nitrogen (N2) -196°C

Carbon Monoxide (CO) -192°C

Argon (Ar) -186°C

Oxygen (O2) -183°C

Methane (CHa4) -162°C

Nitric Oxide (NO) -151°C

Xenon (Xe) -108°C

Ethane (C2Hg) -88°C

Carbon Dioxide (CO2) -78°C

Sulfur Hexafluoride -64°C

(SFe)

Hydrogen Sulfide (H2S) -60°C

Propane (C3Hg) -42°C

Sujfur Dioxide (S02) -10°C

Nitrogen Dioxide (NO2) 21°C

Sulfur Trioxide (S03) 44°C Stronger Adsorption Strength

10
it is believed that, in general, the stronger adsorbing fluids have higher
boiling points and the weaker adsorbing fluids have relatively iower boiling
points. Therefore, the relative adsorption strength of one fluid component to
another within a gaseous mixture and to other gaseous fiuids within the
15 formation can be determined by comparing their relative atmospheric boiling
points. For example, carbon dioxide, with an atmospheric boiling point of
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-78°C, is relatively more strongly adsorbing to carbonaceous material than
methane or nitrogen, which have atmospheric boiling points of -162°C and
-196°C respectively. The relative atmospheric boiling points of a fiuid will
provide one of ordinary skill in the art with general information relating to the
relative adsorption strength of various gaseous fluids. However, the relative
adsorption strength of various gaseous fluids on a particular carbonaceous
material of interest should be determined empiricaily where possible.

Further, the relative adsorption strength of various gaseous fluids will
provide one of ordinary skill in the art with general information relating to the
disposal of an unwanted gaseonus fluid within a solid carbonaceous
subterranean formation. However, the quantity of an unwanted gaseous fiuid
which can adsorb to a particular carbonaceous material should be determined
empirically where possible. The empirical data will allow the quantity of
gaseous fluid which can be disposed of within a solid carbonaceous
subterranean formation to be predicted more accurately. If chemisorption of a
particular gaseous fluid component to the carbonaceous material of the
formation is believed to be a significani factor, it also should be taken into
account when determining the amount of unwanted gaseous fluid which can be
disposed of within a formation. o

The gaseous fluid may be introduced into the formation in either a
gaseous or liquid state. A detailed description of suitable methods for injecting
gaseous fiuids in accordance with the invention may be found in the discussion
relating to the injection of a nitrogen-enriched raffinate discussed below. Other
suitable ways of introducing gaseous fluids into a solid carbonaceous
subterranean formation are known to one of ordinary skill in the art. If a
gaseous fiuid containing carbon dioxide is injected in a liquid state, it typically
will change to a gaseous fluid within the formation. Alternatively, the gaseous
fluid may be introduced into the formation as a super-critical fluid. Depending
on the temperatures and pressures within the formation, the gaseous fiuid may
either be maintained in the formatior; as a super-critical fluid or it may become a
liquid, a gaseous fluid, or a co-existing liquid and vapor.

It the gaseous fiuid utilized is near its critical temperature and pressure, it
may be necessary to operate any production wells in @ manner which will
minimize the precipitation and/or condensation of solids and liquids within the
formation. A more detailed description of how to operate the production welis in
such a situation is described below.
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Racovery Of Methane From The Formation

In this embodiment, a desorbing fiuid containing a strongly adsorbing

fluid is introduced into the solid carbonaceous subterranean formation through

5 an injection well in fluid communication with the formation and an eftiuent
containing methane is recovered from one or more production welis. The
injection well preferably penetrates the formation.

The desorbing fluid typically is comprised of carbon dioxide and other
fluid components, for example nitrogen and/or methane. Because carbon

10 dioxide is a strongly adsorbing fluid, it will preferentially adsorb to the
carbonaceous material of the formation over other weaker adsorbing fiuids such
as nitrogen or methane. |

| During the conversion of organic matter to coal and other solid
carbonaceous substances, methane is produced. The methane exists within

15 the formation both as free gas in the cleats and fractures of the formation and as
sorbed gas within the carbonaceous matrix of the formation.

A carbon dioxide-containing desorbing fluid mobilizes both the free
methane and the sorbed methane within the formation. The mobiiization of the
methane sorbed to the carbonaceous matrix occurs as a result of a lowering of

20 the partial pressure of methane within the cleats and because carbon dioxide
and other injected desorbing fiuids competitively sorb to the carbonaceous
matrix of the formation.

The partial pressure of methane within the cleats is iowered due to the
presence of injected desorbing fluid within the cleats near methane sorption

25 sites. As the partial pressure of methane within the cleats is lowered, methane
sorbed to the carbonaceous matrix will desorb from the matrix and diffuse to the
cleats. |

The competitive sorption of carbon dioxide and other injected desorbing
fluids to the carbonaceous matrix will also cause methane to desorb from the

30 carbonaceous matrix into the cleats. Once methane is within a cleat, the
pressure gradient developed between the formation and a production well
and/or welis will move the methane to the production well or wells where it can
be recovered.

Since methane is not as strongly adsorbed to a carbonaceous matrix as

35 carbon dioxide, it will move faster through a solid carbonaceous subterranean
formation than more strongly adsorbed gaseous fluids.



. WO 9527123

10

15

20

25

30

35

2 1 ? 6 5 8 8 PCT/US95/03689

13 .

Ao L
b B

The preferential sorption of stronger adsorbing fluids, such as carbon
dioxide, within the carbonaceous matrix of the formation causes the injected
desorbing fluid to be fractionated within the formation. The stronger adsorbing
tluids will be preferentially sorbec to the region of the carbonaceous matrix
surrounding the injection well into which the desorbing fluid is being introduced.
The stronger adsorbing fluids will continue to sorb to the matrix in the region
untii the matrix is saturated with stronger adsorbing fluid. The relatively weaker
adsorbing fiuids will not sorb as strongly to the matrix and therefore will move
taster through the formation than the stronger adsorbing fluids.

In general, as desorbing fluid is injected into the formation, the region
within the formation which is saturated with stronger adsorbing fiuid is being
continually advanced forward toward a production well or wells. Therefore, it
can be said that the stronger adsorbing fluids will form what approximates a
concentration front that advances within the formation. As desorbing fluid is
injected into the formation, the concentration front is continually being swept
from an injection well toward a region of lower pressure within the formation.

‘st~ as a production well.

Ahead of the front, the concentration of the stronger adsorbing fluids
sorbed to the matrix is small relative to the concentration of stronger adsorbing
fluids within the front or behind the front. Behind the front, the relative
concentration of stronger adsorbing fiuids, such as carbon dioxide, sorbed to
the matrix approaches a steady-state value as desorbing fluid is continually
injected into the formation through the injection waell.

The steady-state value is dependent on several factors inciuding: the
relative adsorption strength of the stronger adsorbing fluids to the
carbonaceous matrix as compared to the adsorption strength of the other fiuids
within the formation; and the relative concentration of the stronger adsorbing
fluids contained within the injected desorbing fluid introduced into the formation.

Since the stronger adsorbing fiuid components will be preferantially
sorbed by the formation, a desorbing fluid containing carbon dioxide can be
injected into a solid carbonaceous subterranean formation while an effiuent
having a lower carbon dioxide volume percent is recovered from a production
weil. The volume percentage of carbon dioxide within a mixture of gaseous
fluids is somaetimes hereatfter referred to as a voiume percentage A.

Also, because the stronger adsorbing fiuid components will move more
slowly through the formation than the weaker adsorbing fiuid components, an
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effiuent, having a voiume ratio of carbon dioxide to other injected desorbing
fiuid components which is less than the volume ratio of carbon dioxide to other
injected fluid components within the desorbing fluid introduced into the
formation, can be recovered from a production well. The volume ratio of carbon
5 dioxide to other injected desorbing fluid components is sometimes referred to
hereafter as a ratio B.

One type of carbon dioxide containing gaseous fiuid which may be
utilized in the invention is flue gas. Typically, the volume ratio B of carbon
dioxide to other injected desorbing fluid components within flue gas is from 1/11

10 to 2/8. Another example of a carbon dioxide-containing gaseous fiuid which
may be utilized in the invention is a mixture of gaseous fluids which is rejected
Dy a nitrogen rejection unit or a membrane separator which is separating
carbon dioxide from a natural gas production stream. Typically, the rejected
stream contains a volume ratio B of carbon dioxide to methane and other gases
15 offrom 1/1 to 95/5.

It is believed the volume percentage of carbon dioxide in the effluent
recovered from a production well will be less than the volume percentage of
carbon dioxide in the injected desorbing fiuid introduced into the formation until
the region of the formation between an injection well and the production well

20 becomes saturated with stronger adsorbing fiuid components. Additionally, it is
believed the volume ratio of carbon dioxide to other injected desorbing fluid
components contained in an effluent recovered from a production weli will be
less than the volume ratio of carbon dioxide to other injscted desorbing fiuid
components within the desorbing fluid introduced into the formation, until the

25 region of the formation between an injection well and the production well
bacomeas saturated with stronger adsorbing fiuid components.

In an ideal situation, the solid carbonaceous subterranean formation is
uniform, and a carbon dioxide concentration front will move radially outwardiy
from an injection well into the formation. However, there are very few solid

30 carbonaceous subterranean formations that show such uniformity. Most
formations have regions through which the injected desorbing fluid wili rapidly
pass. These so-called "stringers” inciude regions of relatively higher
permeability compared with the majority of the carbonaceous material.
Stringers also include regions that are comprised of materials to which the

35 desorbing fluid components do not readily adsorb. Examples of stringer
regions that do not readily adsorb fiuids include sandstone, carbonaceous
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shale, and other similar types of materiais known to one of ordinary skill in the
art. i.

The injected desorbing fiuicl which passes through the stringers will at
least partially bypass the carbonacsous material of the formation and is said to
"streak”™ within the formation toward a production well. The streaking will
increase the relative amount of desorbing fiuid present within an effluent
recovered from a production well.

Additionaliy, injected desorbing fluid which travels through a stringer to a
production well does not contact as much of the carbonaceous matrix of the
tormation as injected desorbing fiuids which do not travel through stringers.
Therefore, injected desorbing fluid which travels through a stringer t0 a
production well will not be as effectively fractionated into its respective
components. Consequently, the volume ratio of carbon dioxide to other injected
desorbing fluid components within the effiuent recovered from the production
well will be increased above what would be expected in an idealized formation,
but the ratio should still be reduced relative to the initial ratio B contained in the
injected desorbing fluid.

The preferential sorbtion o1 the stronger adsorbing fluid components
within the formation, which causes the stronger adsorbing fluid components to
move more slowly through the formation than the weaker adsorbing fluid
components, allows stronger adsorbing fiuids, such as carbon dioxide, to be
disposed of within the formation. Methods for disposing of carbon dioxide and
other stronger adsorbing fiuids within a solid carbonacecus subterranean
formation are discussed more fully below.

The ability of a solid carbonaceous subterranean formation to fractionate
the injected desorbing fluid, with the majority of the carbon dioxide reaching the
production well and/or wells at a later time than methane and/or other fluid
having weaker adsorption strengths, provides a method for recovering a
substantial portion of the methane from a solid carbonaceous subterranean
tormation while simultaneously disposing of carbon dioxide within the
formation. | |

As the method is carried out, the ratio of carbon dioxide to other injected
desorbing fluids within the recovered effluent is preferably monitored at a
production weil or weils using methods known to one of ordinary skiil in the art,
such as a gas chromatography. This monitoring should provide a relative
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indication of how the injéded desorbing fiuids are moving within the formation
and whether the formation is becoming saturated with stronger adsorbing fluids.
As discussed eariier, the volume ratio of carbon dioxide to other injected
desorbing fluid components within the effiuent recovered at a production well
5 will be reduced relative to the volume ratio of carbon dioxide to other injected
desorbing fluid components within the injected desorbing fluid introduced into
the solid carbonaceous subterranean formation.
The ratio of carbon dioxide to other injected desorbing fluid components
recovered.at a production well should rapidly increase once a carbon dioxide
10 front reaches the weilbore of a production well. See for example FIGS. 4, 5, 13,
and 14. Also, the majority of the methane originally sorbed within the
carbonaceous matrix located along the flow path of the injected desorbing fiuid
between an injection well and a production well will have been desorbed from
the formation once the carbon dioxide concentration front has traveled from an
15 injection well to a production welil (i.e. the carbonaceous matrix within the
formation between an injection well and a production well along the flow path of
the injected desorbing fluid will have been swept of the methane contained
therain.)
Also, as discussed earlier, actual solid carbonaceous subterranean
20 {ormations have stringers which can increase the volume percentage of the
desorbing fluid contained within the effluent recovered from the formation.
Additionally, the amount of injected desorbing fluid required to sweep a
formation can be increased due to the stringers.
One method which the inventors believe can effectively reduce the
25 amount of streaking which occurs within the formation utilizes the intermittent
injection of a liquid such as water into an injection well. The injected water
shoulkd selectively enter the higher permeabiiity regions. Once the liquid enters
the higher permeability regions it should reduce the flow of desorbing fluids
through these regions. This will cause the injected desorbing fluid to be
30 redirected into regions of lower permeability, thereby increasing the vertical and
areal sweep within the formation. By redirecting the injected desorbing fiuids
into regions of lower permeability, the time it takes for those fluids to travel from
an injection well to a production well is increased. Also, because the redirected
injected desorbing fluid may come into contact with more carbonaceous
35 material of the formation, the volume percentage of carbon dioxide within the
effluent recovered from the production well and the volume ratio of carbon
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dioxide to other injected desorbing fluid components within the effluent recovered from a
production well may be reduced.

Whether or not to cease recovery of effluent from a production well depends in part
on the percentage of the available methane which has been recovered from the area of the
formation drained by the production well. The available methane is that methane which is
available for recovery from a production well. It should be noted that the methane available
within the formation undergoing enhanced recovery may not be depleted, but the methane
available for a specific production well may have been depleted. The quantity of methane
contained in a solid carbonaceous subterranean formation can be determined by methods
known to one of ordinary skill in the art. Examples of methods for calculating the quantity
of methane within a formation are set forth in Yee et al. "Gas Sorption on Coal and
Measurement of Gas Content", Chapter 9, pages 203-217, Hydrocarbon from Coal, published
by the American Association of Petroleum Geologists (1993).

One of ordinary skill in the art who knows the quantity of methane contained in'a
formation and the composition of the injected desorbing fluid can calculate the available
methane which can be recovered form the formation.

The decision of whether to continue to recover effluent from a production well also

should take into consideration the value of the effluent. When determining the value of the

effluent, it is important to take into consideration the processing costs required to further
utilize the effluent stream. For example, if the effluent stream is to be sent to a natural gas
pipeline the effluent stream may have to be processed to lower the percentage of inert gases
contained therein to an acceptable level. The acceptable level for inert gases contained in
natural gas is governed by natural gas pipeline specifications. If the value of the effluent is
not great enough to justify further recovery of the effluent, then recovery of the effluent
should be ceased or the method should be modified in an attempt to change the composition
of the effluent stream to a point where further recovery is justified. '

A methane containing solid carbonaceous subterranean formation under development
may have several injection wells and several production wells. Due to the heterogeneity of
most solid carbonaceous subterranean formations, a carbon dioxide concentration front from

one injection well may reach a production well before the carbon dioxide concentration front

from a second
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injection well reaches the same production well. This could cause the volume

ratio of carbon dioxide to other injected desorbing fluid components within the

effluent recovered from a production well to increase and approach or exceed

the initial ratio B before the formation between the injection welis and a
5 production well has been swept of available methane.

As can be seen from FIGS. 2, 3, 5-7, and 11-15, A substantial percentage
of the available methane may be recovered from a formation before the ratio of
carbon dioxide to other injected desorbing tiuid components within the effluent
recovered from a production weil reaches a vaiue equal to the initial ratio B. Itis

10 believed that in some situation it is preferable to cease recovering effiuent from
the production well when the ratio B is from 0.5 to 0.9 the value ot the initial ratio
B. For example, when the ratio of carbon dioxide to other injected desorbing
fiuid components within the recovered effluent is less than B, but a substantial
parcentage of the availabie methane has been recovered from the production

15 well, it may be preferable to cease recovery of effiuent from the production well.

If the volume ratio of carbon dioxide to other injected desorbing fiuid
components within the effiuent recovered from a production well is greater than
the initial ratio B and a substantial percentage of the available methane has
been produced from that well, recovery from that production well preferably is

20 ceased. |

If the volume ratio of carbon dioxide to other injected desorbing fiuid
components within the effiuent recovered from a preduction well is greater than
the initial ratio B, but there is a substantial percentage of methane still available
to be produced from that production well, the recovery of effluent from that

25 production well is not preferably ceased. Instead, the fiow of effluent from the
production well should be restricted.

The restriction of flow from a production waeil will increase the pressure
within the well. This increase in pressure near the production well will cause
the injected desorbing fluids to be redirected to areas of the formation with

30 relatively lower pressure. This restriction wiil improve the sweep of the
formation and also reduce the streaking of injected desorbing fiuid toward the
production well from which flow has been restricted. Additionally, it is believed
that by increasing the pressure in the formation surrounding a production wall,
the preferential adsorption of carbon dioxide over methane to the carbonaceous

35 matrix wiil be enhanced. It is believed this will reduce the volume percentage of
carbon dioxide contained in the effluent recovered from the production well.
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Several procedures may be utilized to restrict the flow of effiluent from a
production well. One procedure utilizes the introduction of a flow restricting
material into the subterranean formation adjacent the. production well from
which flow is desirably restricted. Examples of materials useful for restricting the
flow of effluent from a production well include, for example, carbon dioxide.
acetone, pyridene diese! oil, polymers, epoxy, surfactant, foam, cement and
mixtures thereof. The above listed materials reduce the flow of descrbing fiuid
within the formation by plugging or binding the fracture system of the formation,
thereby reducing the permeability of the affected area of the formation. in
addition to the above listed materials, any matenal which causes the
carbonaceous matrix to swell, thereby reducing its permeability, or plugs or
binds the fracture system of the formation can be utilized.

Another method for restricting the flow of effluent from a production well
invoives operating a valve in fluid communication with the production well in
such a manner that the flow of effluent from that production well is restricted. As
with the eariier described techniques, the restriction of flow of effluent from the
production waell will increase the pressure within the wall near the formation and
provide the eariier discussed benefits which are believed to result from an
increase in the pressure within the formation near a production waell.

The above discussed procedures should assist in allowing the remaining
methane available to the production well of interest to be recovered.

Any carbon dioxide which is recovered with the effluent is readily
separable from the methane and other fluids present in the effluent, such as
nitrogen. Examples of processes for separating carbon dioxide from an effluent
stream include: |

separation of carbon dioxide from a gaseous mixture using a
membrane separator:;

separation of carbon dioxide from a gaseous mixture using an
adsorptive type separator, such as a pressure swing adsorptive
separator; and '

cryogenic separation of carbon dioxide from a gaseous mixture
using a nitrogen rejection type unit.

The carbon dioxide containing stream which is produced by the above
processes also typically contains methane and/or nitrogen. If desired, the
carbon dioxide-containing stream can be reinjected into the solid carbonaceous
subterranean formation.
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it has been discovered by the inventors that it may be desirable in some
instances to continue to recover effluent from a production well and reinject a
substantial portion of the effiuent stream back into the formation. Examples of
situations where this may be advantageous are where there is a substantial
amount of available methane to be recovered from a production well, but the
volume percentage of the carbon dioxide in the effiuent stream is high. in this
type of situation, the cost of separating the inern gases, such as carbon dioxide
and nitrogen from the methane using conventional separation means, may be
prohibitive. |

In these situations, the inventors have discovered that it may be more
advantageous to use the effluent stream to enhance the recovery of methane
from another solid carbonaceous subterranean formation or a different region of
the same solid carbonaceous subterranean formation. Preferably, the formation
into which the effluent is injected is still capable of adsorbing a large quantity of
carbon dioxide.

The reinjected stream will be fractionated by the formation. The carbon
dioxide contained in the reinjected stream will move slowly through the
formation toward the production weils. As discussed earlier, the carbon dioxide
will displace the methane from the formation. The methane contained in the
reinjected stream shouid travel faster through the formation toward a production
well. It is believed the methane contained in the reinjected stream will aiso help
in maintaining the reservoir pressure of the formation and therefore assist in
recovering methane from the formation. FIGS. 11 through 18 graphicaliy
illustrate how in some circumstances a mixture of gaseous fluids containing
methane and carbon dioxide advantageously can be used to recover methane
from a solid carbonaceous subterranean formation.

D L of G Eluid

in this embodiment, a gaseous fluid which contains an unwanted
gaseous fluid component is introduced into a solid carbonaceous subterranean
formation. The gaseous fluid is introduced into the formation through an
injection well in fluid communication with the formation, preferably, through an
injection well which penetrates the formation. The gaseous fluid is introduced
into the formation at a pressure higher than the reservoir pressure of the
formation and may be introduced into the formation in either a gaseous or liquid
state. Preferably, the gaseous fluid is introduced at a pressure below the
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tormation parting prassure of the formation. If the injection pressure is too high
and the formation fractures, the injected gaseous fluid may leak out of the solid
carbonaceous subterranean formation into surrounding formations.

The gaseous fluid typically contains carbon dioxide and/or other gaseous
fluid components which are. relatively more strongly-adsorbing to the
carbonaceous material of the formation than methane. Examples of other
gaseous fluid components which are typicaily contained in the introduced
gaseous fluid include oxides of sulfur, oxides of nitrogen, and hydrogen sulfide.
These relatively more strongly-adsorbing gaseous fluids will preferentially sorb
to the carbonaceous material of the formation over any methane which may be
present within the formation. |

Flue gas is an example of a gaseous fluid which may be disposed of in
accordance with the invention. Flue gas typically contains 10 to 25 percent
carbon dioxide by volume, from about 75 to S0 percent by volume nitrogen, and
small volume percentages of oxides of nitrogen and oxides of sulfur. Another
exampie of a gaseous fluid which may be utilized in the invention is the mixture
of gasaous fluids which is rejected by a separation system which is separating
carbon dioxide from a natural gas production stream. Typically, the rejected
stream contains about 50 to 95 percent by volume carbon dioxide with the rest
of the gaseous fluid being comprised mainly of methane. The rejected stream
may also contain some hydrogen sulfide, oxides of nitrogen, and oxides of
sulfur. |

A solid carbonaceous subterranean formation utilized to dispose of
unwanted gaseous fluid components, in accordance with this embodiment,
preferably is depleted of recoverable methane, more preferably substantially
depleted of recoverable methane, most preferably essentially depleted of
recoverable methane. A formation which is depleted of recoverabie methane is
preferably utilized because the preferential sorption of fluids such as carbon
dioxide to a solid carbonaceous subterranean formation will be enhanced
within & formation which has an initially lower concentration of methane sorbed
to its carbonaceous matrix. Also, if the pressure of the formation is reduced and
the formation is depleted of recoverable methane, substantial quantities of
gaseous fluids which are relatively weaker adsorbing than methane may be
efficiently disposed of within the formation.

In other situations, it may be preferable to utilize solid carbonaceous
subterranean formations from which methane has never been produced. I may
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not be attractive to produce methane from such formations. Exampies of such
formations inciude formations with low original methane in place and formations
with low permeability.

A formation which is depleted of recoverable methane still contains some
methane, but the methane is at such concentration that it is not economicatl to
recover it from the formation. A formation which is depieted of recoverable
methane has had at least 25 volume percent of the original methane in place
removed from the formation. A formation which is substantially depleted of
recoverable methane has had at least 50 voiume percent of the original
methane in place removed from the formation. A formation which is essentially
depieted of recoverable methane has had at least 70 volume percent of the
original methane in place removed from the formation.

One method for recovering methane from a formation utilizes pressure
depletion of the formation. The reduction of pressure within the formation
causes methane to desorb from the carbonaceous material and flow to a
production well where it can be recovered. A coal seam which is producing
methane through a production well using primary depletion will typically be
abandoned when from 25% to about 70% of the original methane in place has
been recovered. The typical abandonment pressures for such primary
depletion wells range from 689,476 Pascals (Pa) to about 2,068,427 Pa.

Methane can also be recovered from coal seams using enhanced
recovery techniques. An example of an enhanced recovery technique which
can efficiently remove methane from a coal seam is the use of a nitrogen
enriched stream to desorb methane from a coal seam. For a coal seam which is
using nitrogen enhanced recovery techniques, the percentage of methane
recoverable from a seam is primarily dependent on the voilume percentage of
nitrogen contained in the production stream recovered from the formation. The
production welis are typically abandoned once the percentage of nitrogen
becomes too high and/or the percentage of methane becomes too low to justily
further recovery. With current nitrogen/methane separation technology, a
production well will typically be abandoned when the volume percentage of
methane in the effluent recovered from the formation is from 25% to about 50%.
This comresponds to recovery of from 45% to about 70% of the original methane
in place within the formation. It should be noted that as more efficient methods
are developed to separate methane from nitrogen, the amount of methane
recoverable from a formation will increase. When a formation has used
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nitrogen to enhance the recovery of methane from the formation, it may be
preferable 1o reduce the pressure in the formation prior to disposing of an
unwanted gaseous fiuid component within the seam.

Another enhanced recovery technique which can effectively recovery
methane from a solid carbonaceous subterranean formation is carbon dioxide
enhanced recovery, which is more fully discussed above.

As discussed earlier, the stronger adsorbing fluids will be preferentially
sorbed to the region of the carboraceous matrix surrounding the injection well
over relatively weaker adsorbing fiuids. The stronger adsorbing fiuids will
continue to sorb to the matrix in the region until the matrix is saturated with
stronger adsorbing fluid. Any relatively weaker adsorbing fluids, which may be
present within the formation, will not sorb as strongly to the matrix and therefore
will migrate within the formation toward regions of lower pressure. In general,
as gaseous fluid is injected into the formation, the region within the formation
which is saturated with stronger adsorbing fluid is continually expanding away
from the injection well.

The saturation level of any gaseous fluid component on the
carbonaceous material of a formation is dependent on several factors including:
the relative adsorption strength of the stronger adsorbing fluids to the
carbonaceous matrix as compared to the adso}piion strength of the other fiuids
within the formation, the relative concentration of the stronger adsorbing fluids
contained within the injected gaseous fluid introduced into the formation, the
capacity of a carbonaceous material for sorbing a particular gaseous fluid
component, and the pressure and tamperature prevalent within the formation.

For example, a typical San Juan Fruitland formation coal, which is totally
depieted of methane, will sorb approximately 0.0246 standard cubic meters
(SCM) of gas per kilogram of coal at 10,342,136 Pa and 46.1°C, when the coal
is allowed to reach saturation with a gaseous fluid containing 85 volume
percent carbon dioxide and 15 volume percent nitrogen. The sorbed phase on
the coal will comprise approximately 99 volume percent carbon dioxide and
approximately 1 volume percent nitrogen. When the coal is allowed to reach
saturation with a gaseous fluid containing 50 voiume percent carbon dioxide
and 50 volume percent nitrogen at the same temperature and pressure
conditions, the coal wili sorb approximately 0.0219 SCM of gas per kilogram of
coal. The sorbed phase will comprise approximately 93 volume percent carbon
dioxide and approximately 7 volume percent nitrogen. For a gaseous fluid
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containing 15 volume percent carbon dioxide and 85 volume percent nitrogen
at the same temperature and pressure, the coal wiil sorb approximately 0.0153
SCM of gas per kilogram of coal, the sorbed phase being comprised of
approximately 70 volume percent carbon dioxide and approximately 30 volume
percent nitrogen. For a gaseous fiuid containing 70 volume percent carbon
dioxide and 30 volume percent methane at the same temperature and prassure,
the coal will sorb approximately 0.0233 SCM of gas per kilogram of coal, with
the sorbed phase comprising approximately 86 volume percent carbon dioxide
and approximately 14 volume percent methane. The above caiculated
saturation levels are developed with the assumption that an unlimited quantity
of gaseous fluid is available to the coal and that the weaker adsorbing gaseous
fluid components are continually fiowing by the sample and being repiaced by
fresh gaseous fluid so that additional stronger adsorbing gaseous fluid
components can be preferentially sorbed to the coal. The enrichment of
strongly adsorbing fluid in the sorbed phase is a result of the preferential
sorption which occurs within a soiid carbonaceous subterranean formation. A
coal which is totally depleted of methane correlates to a coal seam which has
less than approximately 10 voiume percent of the original methane in place stil
remaining within the seam. o

The above listed saturation levels for a particular unwanted gaseous fiuid
component are hereinafter referred to as "disposal saturation leveis." The
disposal. saturation levels for a particular unwanted gaseous fiuid component
are calculated for a given temperature and pressure. The pressure and
temperature, along with other operating parameters which are utilized to
dispose of unwanted gaseous fluid components within the formation are
referred to as disposal conditions. The disposal conditions are manipuiated to
maximize the quantity of unwanted gaseous fiuid component which is sorbed to
the formation. Typically, the disposal conditions are such that between 10 and
93 volume percent of an introduced unwanted gaseous fluid component is
disposed of within the formation. In some instances, it is believed that greater
than 99 volume percent of an unwanted gaseous fluid component can be
disposed of within the formation. By disposing the unwanted gaseous fluid
component within the formation, the unwanted gaseous fluid component’s
release to the atmosphere is prevented. Typically, maintaining disposal
conditions requires only closing and/or controlling effluent paths from the
formation to prevent the unwanted gaseous fluid component from being
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released from the formation while maintaining the pressure within the formation preferably
below the parting pressure of the formation. In some instances, it may be advantageous to
periodically dewater the formation to maintain or increase the formations capacity to sorb an
unwanted gaseous fluid component. In some instances it may be advantageous to raise the
temperature prevalent within the formation. An example of a situation where it can be
preferable to raise the temperature within the formation is where the unwanted gaseous fluid
component chemically reacts with the formation and the reaction becomes more favorable as
temperatures within the formation increase.

For a given solid carbonaceous subterranean formation, the disposal saturation levels
for a particular unwanted gaseous fluid component can be calculated by using an extended
Langmuir adsorption isotherms model and the required empirical data for the given formation.
A description of an extended Langmuir adsorption isotherm model and how to utilize it to
produce a model similar to the one used by the inventors’ is disclosed in L. E. Arri, et. al,
"Modeling Coalbed Methane Production with Binary Gas Sorption," SPE 24363, pages 459-
472, (1992) Published by the Society of Petroleum Engineers.

It 1s believed that the disposal saturation levels can be approached within a solid
carbonaceous subterranean formation if there exists a method for removing the relatively
weaker adsorbing fluid components from the formation so that more of the stronger adsorbing
components can be introduced into the formation. The additional stronger adsorbing
components will continue to sorb to the formation until the disposal saturation levels are
approached within the sorbed phase of the matrix. One way of removing the weaker
adsorbing components from the formation would be to intermittently or continuously vent the
weaker adsorbing fluids from the formation. Another way to remove the weaker adsorbing
components from the formation would be to recover them through a production well. It is
believed that the formation can be saturated with unwanted gaseous fluid components to from
10 to 99 percent of the disposal saturation levels during the operation of the current invention:
preterably, from 50 to 95 percent; more preferably, from 70 to 90 percent.

In general, the pressure utilized by the invention is selected so as to optimize the

sorption of the unwanted gaseous fluid component to the carbonaceous matrix of the

formation. In general, the higher the pressure utilized, the more gas which can be sorbed by

the carbonaceous matrix.
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As the gaseous fluid is introduced into a solid carbonaceous
subterranean formation, the position of the unwanted gaseous fluid components

within the formation, the relative concentration of unwanted gaseous fluid
components within the formation, and the ratio of unwanted gaseous fiuid
components to other injected gaseous fiuids are preferably monitored. One
method of monitoring the formation involves obtaining sampies of effluent from
a monitor well. The samplies are analyzed using methods known to one of
ordinary skill in the art, such as gas chromatography. This monitoring will
orovide a relative indication of how the injected gaseous fiuids are moving
within the formation and the degree to which the formation is becoming
saturated with the unwanted gaseous fluid component.

if the unwanted gaseous fluid component is a relatively stronger
adsorbing fluid than the other injected gaseous fluid components, then the
volume ratio of unwanted gaseous fiuid component to other injected gaseous
fluid components within the effluent sampled at a monitor well will be reduced
relative to the voiume ratio of unwanted gaseous fluid component to other
injected gaseous fluid components within the injected gaseous fluid introduced
into the solid carbonaceous subterranean tormation.

It believed that this reduction in the ratio of unwanted gaseous fluid
components to other injected gaseous fluid components is a resuit of the
preferential sorption of stronger adsorbing fiuid components, such as carbon
dioxide, within the carbonaceous matrix of the formation. K is believed that the
preferential sorption causes the relatively stronger adsorbing fiuid components
to move more siowly through the formation than weaker adsorbing fluid
components. As discussed earlier, as gaseous fiuid is introduced into the
formation, the region within the formation which is saturated with stronger
adsorbing fluid is being expanded away from the injection well. The stronger
adsorbing fluid form what approximates a concentration front that advances
within the formation. As the gaseous fluid is introduced into the formation, the
concentration front is continually being swept from the injection well toward a
region of lower pressure within the formation. The entichment of the sampied
effluent with other injected fluids will continue until the concentration front
reaches a monitor well.

The ratio of the unwanted gaseous fluid component to other injected
gaseous fluid components coliected at a monitor well should rapidiy increase
once the concentration front reaches the region of the formation which the
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monitor well drains. Due to the hetarogenetty of most solid carbonaceous
subterranean, the unwanted gaseous fiuid component can move unevenly
within the formation. This may cause the unwanted gaseous fluid component to
become unevenly distributed within the formation. Therefore it is pretferably to
utilize more than one well to monitor the formation.

In one aspect of the invention, the introduction of gaseous fluid is
continued until the formation is saturated to a desired degree with the unwanted
gaseous fluid component. One of ordinary skill in the art will be able to
determine the degree of saturation of a particular region within the formation by
obtaining a gaseous effluent sample from a monitor well which penetrates the
region of the formation. '

The chemical composition of the obtained sampie together with
information relating to the pressure within the formation near the monitor well
will enable one of ordinary skill in the art to determine the relative
concentrations of each of the gaseous components sorbed within the
carbonaceous matrix in the region of the formation from which the sample is
obtained. This will allow one of ordinary skill in the art to determine if the
unwanted gaseous fiuid component of the injected gaseous fluid has reached
the region from which the sample is obtained. it shouid also allow one of
ordinary skill in the art to determine the degree to which the region of the
formation is saturated with the unwanted gaseous fluid component. The
desired degree of saturation within the formation is described more fully above
in the description relating to disposal saturation levels.

As discussed earlier, if the unwanted gaseous fluid component is a
relatively stronger adsorbing flui, venting the formation will allow a larger
quantity of unwanted gaseous fiuid component to be sorbed to the formation for
any given disposal pressure. The venting can take place through any waell
which is in fluid communication with the formation. Venting, if utilized, may be
performed continuously or intermittently, and it may take place simuitaneously
with injection of gaseous fluid or it may occur after the injection of gaseous fluid
has ceased. ..

it gaseous fluid components, such as hydrogen sulfide, oxides of sulfur,
and oxides of nitrogen, are being disposed of, it may be preferable to reduce
the pressure within the formation sufficiently to desorb carbon dioxide from 1.2
tormation, but not enough to cause hydrogen sulfide, oxides of nitrogen, &
oxides of sulfur to desorb from the carbonaceous matrix. This venting of the
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tformation will allow a greater quantity of stronger adsorbing constituents, such
as hydrogen sulfide and some oxides of nitrogen and sulfur, to be disposed of
within the formation. -

The injection of gaseous fiuid into the formation can be intermittent or
continuous. The injection of gaseous fluid is typically continued until the
desired pressure is reached. After a desired quantity of gaseous fluid has been
introduced into the formation or the formation has attained a desired pressure,
the injection well is shut-in and the formation is preterably maintained at
sufficient disposal conditions to maintain from 40 to 80 volume percent of the
unwanted gaseous fluid components sorbed to the formation; preferably to
maintain the unwanted gaseous fluid components sorbed to the formation for at
least one year after ceasing to introduce gaseous fluids into the soiid
carbonaceous subterranean formation.

Alternatively, the method of the invention is ceased after the formation
has been saturated with the unwanted gaseous fiuid to a desired degree. In
carrying out the invention, it is preferabie that less than 50 volume percent of the
total quantity of unwanted gaseous fiuid component introduced into the
formation be aliowed to escape to the atmosphere; more preferably less than 10
volume percent, most preferably less than one percent. The unwanted gaseous
fluid components preferably are maintained within the formation for at ieast one
year, more preferably at least five years, most preferabiy at least ten years.

Eractionai t 2 Mix] Tc Fluid
In a further embodiment of the invention, a mixture of gaseous fiuids

containing reiatively stronger adsorbing fiuid components and relatively weaker
adsorbing fiuid components is introduced into a solid carbonaceous
subterranean formation through an injection well in fiuid communication with
the formation. The relatively stronger adsorbing fluid components of the
gaseous mixture will be preferentially adsorbed to the carbonaceous matrix of
the formation. The current invention takes advantage of this preferential
adsorption of the stronger adsorbing fiuid components to the formation to
provide a method for fractionating the mixture of gaseous tluids into a first
fraction enriched in relatively weaker adsorbing fluids and a second fraction
enriched in relatively stronger adsorbing fluids. Examples of mixtures of
gaseous fluids which may be fractionated inciude, but are not limited to: air, flue
gas, the gaseous mixtures produced from various industrial processes, and the
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gaseous mixtures that are discharged from a sgparation unit which is
separating nonflammable gases and condensible liquids from a natural gas
production stream.

In this embodiment of the invention, the mixture of gaseous fluids
typically is introduced into a solid carbonaceous subterranean formation
through an injaction well which penetrates the formation. Prefarably, the
formation already has been depieted of recoverable methane. Using a
depleted formation should provide for better fractionation of the injected
gaseous fluid. The pressure established on the formation will enhance the
fractionation of the mixture of gaseous fluids into a fraction enriched .in stronger
adsorbing fluids and a fraction enriched in relatively weaker adsorbing fluids. in
general, the higher the pressure on the formation, the more gas which can
adsorb to the carbonaceous matrix of the formation. .

The fraction enriched in weaker adsorbing fluids (hereinafter sometimes
referred to as the raffinate) is typically withdrawn from the formation through a
production well. The raffinate will be enriched in relatively weaker adsorbing
fiuids because the relatively stronger adsorbing fiuids which are preferentially
adsorbed by the carbonaceous matrix will travel slower through the formation
as described previously. |

The raffinate is typicaily recovered from the formation until the
concentration of stronger adsorbing fluids in the raffinate increases above an
acceptable level. For a mixture of gaseous fluids containing carbon dioxide, the
volume percentage of carbon dioxide in the raffinate is preferably maintained
less than 50 percent, more preferably iess than 20 percent, most preferably less
than 5 percent. In some situations, it may be possible to maintain the voiume
percentage of carbon dioxide in the raffinate at less than 1 percent.

Alternatively, the injection of the mixture of gaseous fiuids is continued
until a desired saturation of the formation is achieved. The desired adsorptive
saturation of the formation can be determined by routine experimentation. For
example, the mixture of gaseous fiuids can be injected until the volume ratic of
the relatively stronger adsorbing fluids within the raffinate increases above an
acceptable level as described above. Once the desired adsorptive saturation of

the formation is reached, the carbonaceous matrix's adsorptive capacity can be

regenerated by reducing the total pressure on the formation. A desorbed
adsorbate, which is enriched in relatively stronger adsorbing fluids, is reieased
from the carbonaceous matrix of the formation as the total prassure of the
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formation is reduced. This desorbed adscrbate may be recovered trom the
formation through an injection and/or a production weli.

if the mixture of gaseous fluids which is fractionated within the formation
contains carbon dioxide, for exampie, flue gas, the desorbed adsorbate will be
enriched in carbon dioxide. If the gaseous mixture contains oxygen, for
example, air, the desorbed adsorbate will be enriched in oxygen. The
recovered desorbed adsorbate can be reinjected into a solid carbonaceous
subterranean formation. For example, if a mixture of gaseous fluids containing
carbon dioxide is fractionated within a solid carbonaceous subterranean
formation, the recovered desorbed adsorbate wouid be enriched in carbon
dioxide. The recovered desorbed adsorbate enriched in carbon dioxide could
be used to enhance the recovery of methane from a solid carbonaceous
subterranean formation.

it may be desirable to maintain the reiatively strongly adsorbing fluids
within the formation. In this situation, the pressure on the formation is not
reduced and the adsorptive capacity of the carbonaceous matrix of the
formation is not regenerated. Aiternatively, the adsorptive capacity of the
carbonaceous matrix of the formation can be partially regenerated without
lowering the total pressure to the point where undesirable components such as
carbon dioxide, hydrogen sulfide, or carbon monoxide, if present, may be
desorbed and released from the matrix.

In general, the pressure utilized during the fractionation of the gaseous
mixture of fluids is selected so as to optimize the fractionation of the fluid. In
general, the higher the pressure utilized, the more gas which can be adsorbed
by the carbonaceous matrix of the formation. For a given system, the faster the
removal of raffinate from the system, the higher the volume percentage of the
relatively strongly adsorbing fluids within the raffinate.

if the gaseous mixture of fluids to be fractionated contains a iarge volume
percentage of nitrogen, the resulting raffinate will be enriched in nitrogen.
Examples of gaseous mixtures of fluids which contain a large volume
percentage of nitrogen include air and flue gas. The nitrogen-enriched raffinate
produced from these gaseous mixtures of fluids can be utilized to enhance the
recovery of methane from a solid carbonaceous subterranean formation. If flue
gas is used, it should preferably be de-watered before it is injected into the
formation. It is believed de-watering wiill reduce potential corrosion problems

.
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that can result in injection equipment and ‘wellbores as a result of injecting flue
gas into & formation.

The nitrogen-enriched rafflnate is injected into a solid carbonaceous
subterranean formation at a pressure higher than the reservoir pressure of

S the formation. Preferably, the nitrogen-enriched raffinate is injected at a
pressure of from about 3,447,378 Pascals (Pa) to about 10,342,136 Pa
above the reservoir pressure of the tormation. If the injection pressure is
below or equal to the reservoir pressure, the nitrogen-enriched raffinate
typically cannot be injected because it cannot overcome the reservoir

10 pressure. The nitrogen-enriched raffinate is injected pretferably at a pressure
below the formation parting pressure of the solid carbonaceous
subterranean formation. If the injection pressure is too high and the
formation extensively fractures, injected nitrogen-enriched raffinate may be
lost and less methane may be produced.

15 However, based on studies of other types of reservoirs, it is believed
that nitrogen-enriched raffinate may be injected into the formation at pressures
above the formation parting pressure as long as induced fractures do not
extend from an injection well to a production well. In fact, injection above
formation parting pressure may bs required in order to achieve sufficient

20 injection and/or recovery rates to make the process economical or, in other
cases, may be desired to achieve improved financial results when it can be
done without sacrificing overall performance. Preferably, the fracture haif-
length of the induced fractures within the formation is less than from about
20% to about 30% of the spacing between an injection well and a production

25 waell. Also, preferably, the induced fractures should be maintained within the
formation.

Parameters important to the recovery of methane, such as fracture hali-
length, fracture azimuth, and height growth, can be determined using
formation modeling techniques which are known in the art. Exampies of the

30 techniques are discussed in John L. Gidley, et al., Recent Advances in
Hydraulic Fracturing, Volume 12, Socisty of Petroleum Engineers Monograph
Series, 1989, pp. 25-29 and pp. 76-77; and Schuster, C. L., "Detection Within
the Wellbore of Seismic Signals Created by Hydraulic Fracturing”, paper SPE
7448 presented at the 1978 Society of Petroleum Engineers’ Annual

35 Technical Conference and Exhibition, Houston, Texas, October 1-3.
Alternatively, the fracture half-length and impact of its orientation can be
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assessed using a combination of pressure transient analysis and reservoir
flow modeling such as described in paper SPE 22893, "injection Above-
Fracture-Parting Pressure Pilot, Vaihal Field, Norway,” by N. Ali et al., 69th
Annual Technical Conference and Exhibition of the Society of Petroleum
Engineers, Dallas, Texas, October 6-8, 1991. While it should be noted that the
above reference describes a method for enhancing oil recovery by injection of
water above fracture-parting-pressure, it is believed that the methods and
techniques discussed in SPE 22893 can be adapted to enhance the recovery
of methane from a solid carbonaceous subterranean formation.

in general, the deeper the solid carbonaceous subterranean
formation, the higher the pressure necessary to inject the nitrogen-enriched
raffinate into the formation. Typically, an injection pressure of from about
2,757,903 to 13,789,514 Pa will be sufiicient to inject nitrogen-enriched
raffinate into a majority of the formations from which it is desirable to recover
methane.

The nitrogen-enriched raffinate is injected into the solid carbonaceous
subterranean formation through an injection weil in fluid communication with
the formation. Preferably, the injection well penetrates the methane-
containing formation, but the injection weil need not penetrate the formation
as long as fluid communication exists between the formation and the
injection well. The injection of nitrogen-enriched raffinate may be either
continuous or discontinuous. The injection pressure may be maintained
constant or varied.

A fluid comprising methane is recovered trom a production well in fluid
communication with the formation. As with the injection well, the production
well preferably penetrates the methane-containing formation, but the
production well need not penetrate the formation as long as fluid
communication exists between the formation and the production well. The
production well or wells are operated in the same manner as conventional
coalbed methane recovery wells. It may be desirable to minimize the
backpressure on a production well during recovery of fluids comprising
methane through that production well. The reduction of back pressure on the
production well will assist the movement of the fluid, comprising methans,
from the formation to the wellbore.

Preferably, a production well is operated so that the pressure in the
production well at a weilbore location adjacent the methane-producing

l |
.
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formation is less than the initial reservoir pressure of the formation. The
wellbore location adjacent to the methane producing formation is within the
welibore, not the formation. The initial reservoir pressure is the reservoir
pressure near the production well of interest at a time before the initial injection
of nitrogen-enriched raffinate into the formation. The reservoir pressure may
increase during the injection of nitrogen-enriched raffinate, but it is believed that
the pressure in the production wsli near the formation preferably shouid be
maintained less than the initial reservoir pressure. This will enhance the
movement of fiuid from the formation to the wellbore. Most preferably, the
pressure in a production well at a wellbore location adjacent the methane
producing formation should be less than about 2,757,903 Pa.

In some instances, back-pressure on a production well's wellbore may
be preferable, for example, when it is desirable to maintain a higher resarvoir
pressure to minimize the influx of water into the formation from surrounding
aquiters. Such an influx of water into the formation could reduce the methane
recovery rate and also complicate the operation of a production weli.

Another situation where it can be preferable to maintain back-pressure
on a production well's welibore is when there is concern over the precipitation
and/or condensation of solids and/or liquids within the formation near the
wellbore or in the wellbore itself. The precipitation and/or condensatior: of
solids or liquids in or near the wellbore could reduce the methane recovery rate
from a production well. Examples of materials which may precipitate or
condense out near the wellbore and present a problem are wax containing
occluded oils which may be mobilized from the matrix and carried toward a
production wellbore. It is believed that a higher pressure in the production
well's welibore at a location adjacent to the formation will minimize such
precipitation and/or condensation of solids or liquids in or near the wellbore.
Therefore, if precipitation and condensation in the wellbore are a problem, it
may be preferable to increase the pressure in the production well's weallbore to
a value as high as practicable. | |

The timing and magnitude of the increase in the rate of methane recovery
from a production well will depend on many factors, including, for example, weli
spacing, thickness of the solid carbonaceous subterranean formation, cleat
porosity, injection pressure and injection rate, injected gaseous fluid
composition, sorbed gas composition, reservoir pressure, permeability of the
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formation, and cumulative production of methane prior to injection of nitrogen-
enriched raffinate.

When the foregoing parameters are generally heid constant, a smalier
spacing between an injection well and a production well will resuit in a taster
observable production well response (both an increase in the recovery raie of
methane and a shorter timé before injected nitrogen-enriched raffinate appears
at a production well) than the response which occurs with an injection weil and
a production welil separated by a larger spacing. When spacing the welis, the
desirability of a fast increase in the rate of methane production must be
balanced against other factors such as earlier nitrogen breakthrough when
utilizing & reduced well spacing and the quantity of nitrogen-enriched raffinate
utilized to desorb the methane from the formation for any given spacing.

if desired, methane produced in accordance with this invention can be
separated from co-produced gases, such as nitrogen or mixtures of nitrogen
and any other gas or gases which may have been injected or produced from the
solid carbonaceous subterranean formation. Such co-produced gases will, of
course, include any gases that occur naturally in solid carbonaceous
subterranean formations together with the methane. These gases which occur
together naturaily with the methane are commoniy referred to as coalbed
methane. These naturally-occurring gases can include, for example, hydrogen
suliide, carbon dioxide, ethane, propane, butane, and heavier hydrocarbons in
lesser amounts. If desired, the methane produced in accordance with this

invention can be blended with methane from other sources which contain
relatively fewer impurities.

Example 1

This example shows the predicted response of a coalbed when vanous
desorbing fluids are injected into the coaibed to enhance the recovery of
methane from the coalbed. In this Exampie injection is commenced at the one
year point. All the desorbing fluids in this Example are injected into the coalbed
at an injection pressure of 13,789,614 Pa. The desorbing fluids injected into
the formation include:

pure nitrogen,

flue gas having 85 volume percent nitrogen and 15 volume percent
carbon dioxide;

an equimolar mixture of carbon dioxide and nitrogen;
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a desorbing fluid having 85 volume percent carbon dioxide and 15 volume percent
nitrogen; and

pure carbon dioxide.

The data graphed in FIGS. 1-7 are generated from a model which was developed to
describe a hypothetical coalbed which is 3.05 meters thick and is homogeneous throughout
in both the vertical and horizontal directions. The data graphed are corrected to a temperature
of 15.6° and a pressure of 101,353 Pa. The hypothetical coalbed has the following
characteristics:

permeability = 10 millidarcies;

porosity = 0.5%

reservoir pressure of 10,342,136 Pa prior to injection of desorbing fluid; and

reservoir temperature = 46.1°C.

The coalbed is saturated with methane and the area drained by the production well
1s a 186,155 square meter region of the formation. In the model, it was assumed that the
production well was surrounded by four injection wells which are 'arranged in a five-spot
formation. It is assumed that each injection well affects the production well in the same
manner and that therefore one quarter of the response in the production well is attributable
to each injector. The cumulative desorbing fluid injected into the formation being drained
by the production well comes from the four injection wells. Each injection well contributes
a quarter of the total desorbing fluid injected. FIGS. 1 through 7 show the predicted gas
recovery rate (thousand standard cubic meters per day (MSCM/Day) and the predicted
cumulative gas recovered (million standard cubic meters (MMSCM)).

The model utilized was developed using two-dimensional Virial equations of state.
A description of the Virial Equations of State and how to utilize them to produce a model
similar to the one used by the inventors’ is disclosed in deGance, "Multicomponent high-
pressure adsorption equilibrium on carbon substrates: theory and data," Fluid Phase
Equilibria, 78, pages 99-137, (1992) Elsevier Science publishers B.V., Amsterdam.

As can be seen from FIGS. 1 and 5, the volume percentage of carbon dioxide in the
fluid recovered from a production well is maintained at levels below the volume percentage

of carbon dioxide contained in the injected desorbing fluid for an extended period after

injection of desorbing fluid is
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commenced. The voiume percentage of carbon dioxide in the recovered
effluent starts to increase substantially at approximately the same time as the
volume percentage of methane in the recovered effiuent starts to decrease. As
can be seen from FIGS. 2 and 5, a substantial percentage of the available
methane contained in the formation will have been recovered by the time the
volume percentage of carbon dioxide in the recovered eftluent increases to
above the volume percentage of carbon dioxide in the injected desorbing fluid.
Also, since methods are available to economically separate carbon dioxide
from methane, nitrogen, and other gases, carbon dioxide can be separated from
the effiuent recovered from a production weli and injected back into the coalbed
and/ or another nearby coalbed.

FIGS. 1-7 also show that a substantial percentage of the availabie
methane can be recovered from the region being drained by a production well
before the volume ratio of carbon dioxide to other injected desorbing fiuid
components contained in the effluent recovered from a production well reaches
the magnitude of the voiume ratio of carbon dioxide to other injected desorbing
fluid components contained within the injected desorbing fluids.

it should be noted that since the model in the above example and the
example that follows are idealized, they cannot take account of heterogeneities
present in an actual solid carbonaceous subterranean formation. Therefore,
this model and the mode! described in Exampies 2 and 3 do not predict the
streaking which may occur within the formation. However, the examples
disclosed together with the eariier discussion regarding the. mitigation of

streaking within a formation will enabie one of ordinary skill in the art to practice
the invention.
Example 2

This example shows the predicted response ot a coalbed when
desorbing fluids containing carbon dioxide are injected into the coaibed to
enhance the recovery of methane from the coalbed. I[njection of desorbing
fluids was commenced in this Example after four years of primary depletion. All
the desorbing fluids in this Example are injected into the coalbed at an injection
pressure of 13,789,514 Pa through injection wells having a skin of -3. The
production well had a downhole production pressure of 689,476 Pa and a skin
of -3. Skin is a measure of the permeability of the near wellbore formation. A
positive skin indicates near wellbore formation damage and a negative skin




10

15

20

25

30

CA 02176588 2000-07-06

37

Indicates near wellbore formation stimulation. The desorbing fluids injected into the formation
include:

pure carbon dioxide; and

a desorbing fluid having 70 volume percent carbon dioxide and 30 volume percent
methane.

The data graphed in FIGS. 11-18 were generated from a model which was developed to
describe a hypothetical coalbed which is 15.24 meters thick and is homogeneous throughout in
both the vertical and horizontal directions. The data graphed are corrected to a temperature of
15.6°C and a pressure 0£ 101,353 Pa. The hypothetical coalbed has the following characteristics:

permeability = 5 millidarcies;

reservoir pressure of 10,342,136 Pa prior to injection of desorbing fluid; and

reservoir temperature = 46.1°C.

The coalbed 1s saturated with methane and the area drained by the production well is a
647,497 square meter region of the formation. In the model it is assumed that the production
well 1s surrounded by four injection wells which are arranged in a five-spot formation. It is
assumed that each injection well affects the production well in the same manner and that
therefore one quarter of the response in the production well is attributable to each injector. The
cumulative desorbing fluid injected into the formation being drained by the production well
comes from the four injection wells. Each injection well contributes a quarter of the total
desorbing fluid injected.

The model utilized was developed using the extended Langmuir adsorption isotherms
model. A description of an extended Langmuir adsorption isotherm model and how to utilize
it to produce a model similar to the one used by the inventors’ is disclosed in L. E. Arri, et. al,
"Modeling Coalbed Methane Production with Binary Gas Sorption, " SPE 24363, pages 459-472,
(1992) Published by the Society of Petroleum Engineers.

This example illustrates that in some situations, which would be known to one of ordinary
skill in the art from the foregoing disclosure, that a desorbing fluid comprising carbon dioxide
and methane is preferably utilized to recover methane from a solid carbonaceous subteranean
formation, especially if the cost of separating methane from a recovered effluent stream is not

economically viable. In this situation, the effluent is reinjected into a formation which will
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2 1? % ‘}adsorb the carbon dioxide components of the stream and allow the methane to
pass to a production weil where it is recovered.

Exampile 3

This exampie uses the same type of modeling techniques and
5 parameters as utilized in Example 2. However, in this example an unsaturated
coalbed is utilized and a mixture of gaseous fluids having 15 voiume percent
carbon dioxide and 85 volume percent nitrogen is injected into the coalbed.
The injection of gaseous fluids was commenced at time zero. FIGS. 8-10 of the
example show that a solid carbonaceous subterranean formation can effectively
10 provide a nitrogen-enriched effluent when a mixture of gaseous fluids
containing nitrogen and carbon dioxide is introduced into the formation. The
model predicted that the volume percent of nitrogen in the recovered eftiuent
would be 100% during the entire period graphed by FIGS. 8-10 that the volume
parcent of carbon dioxide in the effluent recovered would not increase to above

15 0.01% during the entire period graphed by FIGS. 8-10.

It is believed that a soiid carbonaceous subterranean formation will also
provide a nitrogen rich effiuent when air is introduced into the formation through
an injection well and removed through a production well.

From the foregoing description, it will be observed that numerous

20 variations, alternatives and modifications will be apparent to those skilled in the
art. Accordingly, this description is to be construed as illustrative only and is for
the purpose of teaching those skilled in the art the manner of carrying out the
invention. Various changes may be made and materials may be substituted for
those described in the appiication. For example, it is believed that a gaseous

25 fluid which wiil chemisorb to the carbonaceous material of a formation may be
disposed of in the formation in a similar method as disclosed for the disposal of
a strongly adsorbing fluid within the formation.

Thus, it will be appreciated that various modifications, alternatives,
variations, etc., may be made without departing from the spirit and scope of the

30 invention as defined in the appended claims. I is, of course, intended that all
such modifications are covered by the appended claims.
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WE CLAIM: .

1. A method for recovering methane from a solid carbonaceous
subterran an formation penetrated by an injection weil and a production wall,
the method comprising the steps of:

a) injecting a desorbing fiuid, having a volume ratio of carbon
dioxide to other injected desorbing fluid components equal to B, into the
formation through the injection well;

b) withdrawing a gaseous effiuent comprising methane and
carbon dioxide and having a volume ratio of carbon dioxide to other
injected desorbing fluid components of less than B from the formation

- through the production well; and

C) ceasing to withdraw the gaseous effiuent from the formation
when a volume ratio of carbon dioxide to other injected desorbing fluid
components within the gaseous effluent withdrawn in step b) is greater
than 0.5 B. . |
2. The method of Claim 1, wherein the solid carbonaceous

subterranean formation comprises at least one coal seam.

3. The method of Claim 1, wherein the injected desorbing fluid
comprises flue gas. | o

4, The method of Claim 1, wherein the injected desorbing fluid
contains greater than forty nine volume percent carbon dioxide.

5. The method of Claim 4, wherein the injected desorbing fiuid
comprises methane and carbon dioxide.

6. A method for fractionating a mixture of gaseous fiuids within a coal
seam, the method comprising the steps of:

a) introducing a mixture of gaseous fiuids comprising a
weaker adsorbing fluid component and a stronger adsorbing fiuid
component into the coal seam: and

b) recovering a raffinate, enriched in the weaker adsorbing
fiuid component, from the coal seam.

7. The method of Claim 6, wherein a total pressure is established on
the coal seam during step b) and the method further comprises:

c) lowering the total pressure on the coal seam to cause an

adsorbate enriched in stronger adsorbing fluid components to desorb
from the coal seam; and |

‘ *. *
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d) removing at least a portion of the desorbed adsorbate from
the coal seam.

8. The method of Claim 6, further comprising: |

C) injecting the raffinate into a second coal seam through an
injection well; and

d) recovering methane from the second coal seam.

9. The method of Claim 6, wherein the mixture of gaseous fluids
introduced into the coal seam in step a) comprises flue gas and the raffinate
recovsred from the coal seam is enriched in nitrogen.

10. The method of Claim 6, wherein the raffinate recovered in step b)
comprises methane.

11. The method of Claim 6, wherein the mixture of gaseous fluids
introduced into the coal seam in step a) comprises methane and carbon
dioxide.

12. A method for disposing of an unwanted gaseous fluid component
within a solid carbonaceous subterranean formation, the method comprising the
steps of:

a) introducing a gaseous fluid, comprising the unwanted
gaseous fluid component, into the formation to sorb the unwanted
gaseous fluid component to the formation; and

" b) maintaining disposal conditions within the formation to
ensure that at least 10 percent of a disposal saturation ievel of an
unwanted gaseous fluid component remains sorbed to the formation.

13. The method of Claim 12, wherein from about 40 to about 80
volume percent of the unwanted gaseous fluid component sorbed to the
formation remain sorbed to the formation after one year.

14. The method of Claim 12, wherein the solid carbonaceous
subterranean formation is depleted of recoverable methane.

15. The method of Claim 14, wherein the unwanted gaseous fiuid
component comprises carbon dioxide.

16. The method of Claim 14, wherein the gaseous fiuid introduced in
step a) comprises flue gas and the unwanted gaseous fluid component sorbed

to the formation is selected from the group consisting of oxides of nitrogen,

oxides of suifur, and mixtures thereof.
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