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PUMPED CARBON MINING METHANE
PRODUCTION PROCESS

In the field of substitute natural gas production from under-
ground coal beds and other carbon-containing resources, a
self-contained, continuous process to manufacture methane
from using a recycling hydrogen stream.

BACKGROUND OF THE INVENTION

The invention provides a means to manufacture methane,
or substitute natural gas, more or less continuously from
underground coal seams, or from other carbon-containing
resources either above ground or underground, such as car-
bon, peat, biomass, oil, tar sands and any hydrocarbon, using
a recycling hydrogen stream. Hydrogen is made in the pro-
cess and no external source of hydrogen is needed after the
initial charge. The process operating on the carbon-contain-
ing resource involves a chemical reaction induced by pressure
and heat that does not involve combustion of the carbon-
containing resource and wherein the process is sustained by
heat is generated by chemical reaction with carbon-contain-
ing resource.

In its preferred embodiment, the process produces methane
from coal without having to remove the coal from its under-
ground location. Itis conservatively expected that the process
can extract about 90% of carbon in the coal seam with a
thermal efficiency of about 80%. This means that about 46%
of the extracted carbon or 41% of the carbon in the under-
ground lignite is converted to substitute natural gas and pro-
duced from the process for sale or other use. The remainder of
the extracted carbon is produced as pure carbon dioxide for
sale, sequestration or discharge. The process also has appli-
cation to above ground carbon-containing resources.

One example of utility of the process is for example where
the underground coal operation has been closed after recov-
ery of coal bedded methane. The coal formation is essentially
abandoned at this stage. However, the pumped carbon mining
methane production process, applied to this depleted
resource, offers a potential to produce an additional 20 times
more methane than was obtained from the original coal bed-
ded methane operation.

DESCRIPTION OF THE PRIOR ART

The process of the invention uses a hydrogasification step
in which hydrogen is used as a recyclable working fluid.
Hydrogasification is hydrogenation carried to point that a
carbon-containing resource is gasified. The hydrogen reacts
to make methane and extracts carbon monoxide from the fuel
resource when oxygen is present in the carbon-containing
resource, as it is in coal. Much research and development
effort has been performed on hydrogasification of coal and
mostly in an above ground setting, since the underground
applications were perceived to have insurmountable prob-
lems.

The concept of pumped carbon mining in a manner difter-
ent from the present invention was first introduced in 1986 by
Steinberg. The concept proposed hydrogasifying under-
ground coal to produce methane and then decomposing the
methane to produce carbon black and hydrogen, the latter of
which is recycled to continue to the process. While the pro-
cess could produce carbon black and hydrogen, the process
was never deployed commercially because the limited carbon
black market and too small amount of hydrogen product.

The 1986 process held little prospect for simply using the
methane as a product from a hydrogasification step because it
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would require a new supply of hydrogen for each pass and
would free an insufficient amount of hydrogen from the coal
seam to have a self-contained, continuous process. The diffi-
culty of applying the process using hydrogen for methane
production is that hydrogen is considered too expensive to
find a hydrogen source to make up the hydrogen consumed in
the process. The practical problem of hydrogen supply had
foreclosed the practical utility of this 1986 process in favor of
the conventional approach to underground coal gasification.

In contrast, the present invention produces the more valu-
able methane product, and not the less valuable carbon black,
while solving the problem of hydrogen availability. The
present invention makes use of recycling hydrogen in a con-
tinuous process that does not require a source of hydrogen
external to the process. The present invention, therefore, over-
comes the drawbacks of the earlier described process and in
addition produces a valuable gaseous fuel, natural gas.

The conventional approach to underground coal gasifica-
tion is to inject oxygen or air and steam into the underground
coal bed. In conventional coal gasification, the oxygen and
steam convert coal by in-situ steam/oxygen gasification, pro-
ducing a gas effluent consisting mainly of carbon monoxide
and hydrogen. The gases formed constitute a synthesis gas,
which is a mixture of hydrogen, carbon monoxide and carbon
dioxide, ranging from a low Btu gas (70 to ~100 Btu/ft*) to an
intermediate Btu gas (300 to 400 Buw/ft*), depending on
whether air or oxygen is used.

The effluent synthesis gas from conventional underground
conventional coal gasification is processed at the surface,
using techniques similar to those in conventional surface
gasification, mainly for the purpose of removing sulfurous
gases and ash particulates. The bulk of the ash remains in the
coal bed. The synthesis gas can also be converted by means of
water gas shift, methanation and other catalytic processes to
form high Btu gas and liquid hydrocarbon and alcohol fuels.

The advantage of conventional underground coal gasifica-
tion is avoiding costly underground mining operations, par-
ticularly for thin, steeply inclining and unminable seams.
Avoiding environmental problems of conventional surface
mining, such as the disposal of gangue and ash of mined coal
are additional advantages.

Disadvantages of conventional underground coal gasifica-
tion are the high cost to generate steam and oxygen at the
surface and the associated environmental and other costs of
burning some of the coal underground to provide the endot-
hermic heat of reaction necessary for the steam gasification
reaction. These disadvantages are avoided by the process.

Under the best conditions, conventional steam gasification
requires consumption of at least %3 of the coal to provide the
endothermic heat of reaction. This also produces large emis-
sions of waste carbon dioxide. Heat losses and high rates of
reaction reduce the mass and energy efficiency even further.

Conventional steam gasification also raises safety issues
associated with the need to inject oxygen into the coal seam.
Injected oxygen enables combustion of the coal, which in turn
provides the endothermic energy as described above. How-
ever, safety issues arise when there is incomplete combustion
of the oxygen. The presence of unconsumed oxygen can
result in explosive mixtures of gas in the seams and in the
effluent gas.

The hydrogasification step is expected to be superior to
conventional coal gasification in cost, efficiency, safety and
environmental performance. It is a low-energy mining pro-
cess.

Steady state operations of the underground hydrogasifica-
tion step in the process involve no burning of coal in the coal
bed, no addition of steam and no addition of oxygen. The
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process provides for the occasional optional use of oxygen,
and only if needed to control the hydrogasification process by
forming water in the hydrogen stream prior to injection. This
optionally provides a control mechanism of the exothermic
hydrogasification reaction in the coal bed.

Unlike conventional coal gasification, the gases formed in
hydrogasification in the process are always in a reducing
atmosphere, which avoids the possible formation of an explo-
sive mixture in the conventional case of unreacted oxygen,
thus making the process safer than the conventional coal
gasification process.

Methods of pyrolyzing, that is heating and decomposing,
underground coal seams have been proposed. For example,
U.S. Pat. No. 6,712,135 to Wellington, et al. teaches heating
a section of an underground coal seam with electrical heaters
or combustors to produce hydrogen from the coal seam, then
heating another section and circulating the produced hydro-
gen between the sections to produce a mixture of hydrocar-
bons. The *135 patent also instructs heating the coal seam to
enable pyrolysis at temperatures of less than about 400
degrees Centigrade. The process of the 135 patent, therefore,
produces only higher hydrocarbons and only a minor amount
of methane. It does not instruct using an external source of
hydrogen of much greater volume as recyclable working
fluid, or using hydrogen at the temperatures and pressures of
the present invention for hydrogasification, or producing
SNG, substitute natural gas.

The present invention will improve the safety, efficiency
and economy of recovery of clean carbon, hydrogen and
carbon monoxide fuels from underground coal deposits. The
present invention is applicable to underground coal beds, with
a primary application to coal resources that are considered
unminable by traditional coal mining operations. It has appli-
cation to deep depleted coal mines where significant quanti-
ties of coal have been left behind, in room and pillar mining to
maintain structure. The process could extract the pillar coals
(“robbing the pillars”) and maintain structure by pumping in
rock or dirt fill to prevent subsidence. Secondary applications
are for peat and other coal deposits as well as above ground
carbonaceous fuel resources.

Accordingly, the present invention will serve to improve
the prior art in terms of cost, efficiency, safety and environ-
mental performance. The present invention is a self-contained
process, that is, one not requiring an off-site source of make-
up hydrogen. When used for in-situ mining, the process will
continuously produce methane until the coal resource is
depleted. When underground hydrogasification is combined
with above ground processing, the present invention provides
a distinct, unique and innovative improvement over the state
of the art of underground coal gasification. These and other
features, improvements and advantages of the present inven-
tion will be better appreciated and understood by reference to
the detailed description taken in conjunction with the accom-
panying drawing.

BRIEF SUMMARY OF THE INVENTION

The invention is a continuous process for producing meth-
ane from an underground coal bed or an above ground carbon-
containing resource using hydrogen as a recycling working
fluid. For an underground coal seam, the process includes
injecting hydrogen into the coal seam to form a reaction
effluent of methane, hydrogen and carbon monoxide; extract-
ing the reaction effluent for processing above ground; clean-
ing the reaction effluent; cooling the cleaned reaction effluent
and processing it through a water gas shift reactor; separating
hydrogen, methane, and carbon dioxide into separate
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streams; producing the carbon dioxide stream as a product
gas; processing a first portion of the methane stream in a
steam reformer, water gas shift reactor and gas separator to
produce segregated flows of hydrogen and carbon dioxide,
wherein the quantity of said first portion is the amount of
methane that will yield after such processing a quantity of
hydrogen that when combined with the separated hydrogen
stream will equal an amount of hydrogen at least equal to the
amount needed to sustain a continuous operation of the pro-
cess; combining the segregated hydrogen flow with the sepa-
rated hydrogen stream; heating and repressurizing the com-
bined hydrogen stream to the temperature and pressure of the
hydrogen in the first step; producing a second portion of said
methane stream as a product gas; and injecting the combined
hydrogen stream into the underground coal bed to continue
the process.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawing shows the preferred embodiment of the inven-
tion for producing methane from an underground coal seam.

DETAILED DESCRIPTION OF THE INVENTION

The invention is a self-contained, continuous process for
methane production from any underground (shown in the
drawing) or above ground carbon-containing resource.
Hydrogen is used as a recycling working fluid. For use in an
underground coal formation, hydrogen is produced both from
the coal and also from an aboveground reforming step, such
that the process does not require a hydrogen supply beyond
the initial charge of hydrogen to initiate the process. While the
steps described herein are the preferred embodiment, the
invention includes variation of the order of process steps as
long as output of a methane product is the result.

Hydrogasifying (110). The first step in the process is
hydrogasifying a carbon-containing resource using hydrogen
at a temperature and pressure sufficient to form a reaction
effluent composed primarily of methane, hydrogen and car-
bon monoxide. This step may be performed above ground in
a reaction chamber containing a hydrocarbon fuel, or under-
ground, for example ina coal seam. Typically, the hydrogen is
at a temperature between about 700 and 1000 degrees Centi-
grade and at a pressure is between about 50 and 100 atmo-
spheres. For underground embodiments, the optimum pres-
sure is primarily dependant upon the depth of the
hydrocarbon and the reaction rate. For above ground embodi-
ments, the optimum pressure is primarily dependant on the
reaction rate.

Underground Coal Bed Preparation. For underground coal
resources, the process works best in the absence of water
during hydrogasification. The presence of water promotes
steam gasification of the coal to form carbon monoxide,
retards methane formation and causes heat loss.

There is less water associated with the coal in deep mine
eastern bituminous coal than for western lignite. For eastern
bituminous coal, the water content is typically about 0.086
moles water per mole of carbon in the coal with no significant
amounts of methane. For western lignite, especially in the
North Dakota, Montana and Wyoming deposits (Powder
River Basin deposits), it is on the order of 0.46 moles water
per mole of carbon in the coal.

The initial methane content of the coal bed is also a con-
sideration for optimal performance. The process will work
best if the methane is first removed from the coal bed. For
eastern bituminous coal, there are no significant amounts of
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methane. Some of the western lignite coal beds contain sig-
nificant quantities of methane (coal bedded methane), which
are economically recoverable.

For either eastern or western coal beds where the water has
not been previously removed and where it is necessary to
improve initial operations, the coal bed is dried, for example,
by circulating dry, heated hydrogen through the underground
coal bed at temperatures of not more than about 400° C.
Combustion of any fuel equivalent to the heating value 0£ 0.07
moles of hydrogen per mole of lignite is required to provide
the heat to evaporate and remove the entire 0.46 moles of
water per mole of lignite carbon. Where a coal bedded meth-
ane extraction has been performed, a fraction of the water will
have been removed with the methane. As a consequence,
much less energy to evaporate the water will be needed.

The process of the invention is an ideal complement to a
coal bedded methane extraction operation. A typical western
coal bedded methane extraction operation includes drilling
boreholes and horizontal drilling in the seams to release the
coal bedded methane. In some cases, a significant amount of
water is simultaneously extracted with the removal of the
methane. Once the seam is depleted by coal bedded methane
production, the process of the invention would be employed
to further exploit the coal seams. The process of the invention
enables an increase of methane production by as much as 20
times that obtained from the coal bedded methane production
operation.

Using Underground Coal Seams. In an embodiment for
underground coal resources, after the coal bed is degassed and
dried, the temperature of the hydrogen is then raised to the
steady state operating temperature and pressure to begin the
hydrogenation of coal, also called hydrogasification, and for-
mation of methane. For this embodiment, a required process
step is injecting hydrogen (220) into an underground coal bed
at a temperature and pressure sufficient to form a reaction
effluent composed primarily of methane, hydrogen and car-
bon monoxide. Hydrogasification is the combination of hot,
pressurized hydrogen with carbon in the coal to produce
methane. For this embodiment, the next step is extracting
(230) the reaction effluent for processing above ground.

Typically, the volumetric concentration of methane pro-
duced is equilibrium limited. Under the high temperature and
pressure conditions, a concentration of methane of about 40%
by volume has been obtained in one pass in testing of hydro-
gasification. For the process of the invention, the temperature
and pressure conditions are adjusted to obtain the highest
concentration of methane to minimize recirculating hydrogen
pumping costs and still maintain high rates of reaction.

In addition to methane, hydrogen is also released from the
coal inthe form ofhydrogen gas. Part of the oxygen within the
coal combines with carbon in the coal evolving carbon mon-
oxide gas. Part of the sulfur in the coal is converted to hydro-
gen sulfide gas. Part of the nitrogen in the coal is converted to
ammonia and nitrogen gas. The non-volatile solid ash in the
coal remains underground and the ash minerals in the coal bed
have potential to act as catalysts to increase the rate of reac-
tion.

Aside from the contaminant gases, the extracted reaction
gas has approximately the following composition: meth-
ane—40 volume percent; carbon monoxide—10 volume per-
cent; and hydrogen—50 volume percent.

For the underground embodiment, injecting hot, pressur-
ized hydrogen (220) into an underground coal seam is typi-
cally accomplished through an injection borehole drilled
from the surface into the coal bed. The underground embodi-
ments will work with numerous configurations of boreholes
accessing the coal seam and is not limited to any particular
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arrangement. For example, a single borehole may be used to
implement the process, in which case that single borehole
would be used for injection of the hydrogen and extraction of
the reaction effluents. In addition, multiple injection bore-
holes might be used with any combination of extraction bore-
holes. The preferred embodiment uses at least one injection
borehole and at least one other extraction borehole.

For hydrogasification, the hydrogen is preferentially at a
temperature no lower than about 600° C. and at a pressure no
lower than about 50 atmospheres (atm). Generally, the higher
the temperature and pressure, the faster and more complete
the reaction becomes. Temperatures of 800-1000° C. and
pressures of 50-100 atm of high concentrations of hydrogen
have yielded over 90% conversion of the carbon in coal to
methane and higher hydrocarbons. The specific pressure-
temperature conditions depend on the type of coal and the
reaction rate. These specific conditions are determined by
laboratory experiments using the carbon-containing
resource. For underground embodiments, the carbon-con-
taining resource would typically be coal within a coal seam.

The hydrogenation process is exothermic. Once the reac-
tion is initiated, no additional heat source is necessary to
maintain thermal reaction conditions.

The basic hydrogenation reaction with carbon is exother-
mic:

C+2 H,=CH, AH=-18 Kcal/mol, exothermic

Coal is used as the primary example herein because under-
ground coal is expected to be the primary application for the
process. However, the invention contemplates the use of any
hydrocarbon, whether above ground or below.

Coal consists of more than carbon. So, the general hydro-
gasification reaction for coal can be represented by the fol-
lowing equation:

Coal+Hydrogen=Methane+Hydrogen+Carbon mon-
oxide+Sulfide+Nitrogen+Ash

For a typical eastern bituminous coal (Kentucky), the sto-
ichiometric equation is

CHy 5 O¢.08 So.016 No.ors (Ash)+1.456H,=0.92CH +
0.08CO+0.016H,S+0.008N,+Ash

From the enthalpy of formation of each of the reactants and
products, AH, the enthalpy of this reaction, is —=15.7 Kcal/mol,
exothermic.

For a western lignite coal (N. Dakota Lignite), the stoichio-
metric equation is

CHo.77 06,24 80.007 No.o13 (Ash)+1.142H,=0.76CH,+
0.24C0O+0.007H,8+0.007N,+Ash

From the enthalpy of formation of each of the reactants and
products, AH, the enthalpy of this reaction, is =10.1 Kcal/mol
exothermic.

High temperature hydrogen injected into the coal bed helps
maintain the temperature in the reaction zone. However, if
heat losses underground become excessive, make-up heat is
supplied by combusting a small amount hydrogen with oxy-
gen or air just prior to injecting the hydrogen underground.
Once reaction temperature and pressure conditions are
reached in the coal bed, the heat released in the exothermic
hydrogenation reaction sustains the process.

Combusting hydrogen (200). One of the steps in the pro-
cess is heating and repressurizing the combined hydrogen
stream to the temperature and pressure of the hydrogen in the
first step. This step is preferably performed using a burner
isolated from the hydrogen stream and fired either by methane
orhydrogen. This step optionally includes combusting hydro-
gen with oxygen or air within the hydrogen injection stream
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as a hydrogasification reaction control. Burning hydrogen in
the hydrogen stream creates water and water dampens the
exothermic hydrogenation reactions underground. Such con-
trol may or may not be needed but is enabled because the
water formed reacts endothermically with the coal countering
the exothermic hydrogenation, and thus prevents any hot spot
runaway reaction. This reaction control technique, effectively
dowsing the reaction zone with water, has been successfully
used in hydrogasification of coal in an above ground hydro-
genation plant. Temperature sensors in the extraction bore-
hole are utilized to fine tune and initiate this reaction control
technique.

Methane Extraction (230). For embodiments of the inven-
tion in underground coal seams, the next step in the process is
extracting the reaction effluent from the underground coal
bed for processing above ground. The methane-rich reaction
gas formed by hydrogasification is preferentially removed
from the coal bed by allowing the reaction gas to flow out an
extraction borehole to the surface. Employing an extraction
borehole is a common practice in the industry in conventional
in situ coal gasification and when extracting coal bedded
methane.

The injection and extraction boreholes are connected by a
flow path through the coal seam created by means typically
employed in conventional underground steam gasification
and coal bedded methane extraction. This connection pro-
vides a pathway and reaction zone wherein the pressurized,
heated hydrogen introduced through the injection borehole
reacts with the coal seam.

Several techniques have been used to create a flow path
between the injection and extraction boreholes. Horizontal
drilling between an injection borehole and an extraction bore-
hole has been successfully used in obtaining methane from
unminable coal beds. Another technique is to inject oxygen
(purified or contained in air) into the seam through one bore-
hole at high enough pressure to produce a small airflow
through the seam to a second borehole. The coal is then
burned at the base of the second borehole and the burn front
follows the oxygen back to the first borehole, creating a path
through the coal seam. Where a flow path is not preexisting
and must be opened, the preferred embodiment is to open a
path by hydrogasification, that is, injecting high pressure and
high temperature hydrogen rich gas.

As the hydrogasification reaction and reaction gas extrac-
tion steps proceed, the flow path permeability of the coal bed
from injection borehole to extraction borehole is enlarged,
which increases the hydrogasification reaction and the pro-
duction of methane rich gas from the coal bed.

Hot Gas Cleanup (120). The next step in the process is
cleaning the reaction eftfluent to remove gases other than
methane, hydrogen and carbon monoxide and particulates.
Upon extraction of the methane-rich reaction gas to the sur-
face, a hot gas cleaning process removes the impurities, e.g.
sulfur, nitrogen, ammonia, residual entrained fly ash and
other contaminants.

Several alternative hot gas cleanup processes are well
known to remove sulfurous gas from the effluent. Two of
these include reacting the effluent with zinc ferrite or lime-
stone. Part of the inorganic sulfur present in the in situ coal,
depending on the type of coal, remains with the ash, under-
ground.

The nitrogen in the coal is evolved as both ammonia and
nitrogen. Therefore, the nitrogen and sulfur can be disposed
of as calcium sulfate or ammonium sulfate. Disposal as used
herein includes selling the product for other uses should a
market exist for the product.
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At temperatures above about 800° C., most of the oxygen
released from the coal will form carbon monoxide and very
little will be in the form of carbon dioxide and water, espe-
cially when there are high hydrogen to oxygen ratios in the
circulating gas. Under high pressure (50 to 100 atmospheres)
and moderately high temperatures, a large part of the carbon
effluent from the coal will be in the form of methane diluted
with circulating hydrogen.

Ceramic candle filters have been used for hot gas cleanup
from fluidized combustion furnaces. Cyclones can also
remove particulates at lower temperatures and if employed
would require a heat transfer process to initially lower the gas
temperature and raise it again subsequent to processing.

The combination of readily available hot gas cleanup pro-
cesses result in a cleaned gas being a concentrated stream of
methane, hydrogen and carbon monoxide.

Cooling (130). The next step in the process is cooling the
cleaned reaction effluent to a temperature suitable for pro-
cessing in a water gas shift reactor. The hot gas from the
previous step is sent through a heat exchanger where the gas
temperature is reduced to about 250 degrees Centigrade while
maintaining the pressure. This lower temperature gas is then
sent to a water gas shift reactor where the following reaction
occurs:

0.2 CO+0.2 H,0=0.2 CO,+0.2 H, AH=0.0, neutral

Water Gas Shift (140). The next step in the process of the
invention is processing the cooled reaction effluent through a
water gas shift reactor to convert the carbon monoxide to
hydrogen to a gaseous outflow of hydrogen, methane, and
carbon dioxide. The water gas shift reaction is essentially
thermally neutral. In the water gas shift, carbon monoxide is
reacted with water (steam) at about 250 degrees Centigrade
while maintaining the pressure of about 50 to 100 atmo-
spheres pressure to form hydrogen and carbon dioxide.
Hydrogen formed in this process permits reducing the
amount of excess hydrogen circulating through the bed. Thus,
only 1.0 mole of hydrogen is continually circulated through
the system and the amount of hydrogen entering the borehole
per mole of coal reacted is 2.2 gram-moles.

CHgy g Og,+2.2 H,=0.8 CH,+0.2 CO+1.0 H,

About 50% ofthe gas flow from the water gas shift reaction
is hydrogen. About 40% is methane and the rest is carbon
dioxide. More specifically, the gas emerging from the water
gas shift has a relative content of about 0.8 gram-moles of
methane for every 0.2 gram-moles of carbon dioxide for
every 1.0 gram-mole of hydrogen.

Separation. The next step in the process of the invention is
separating the water gas shift outflow of hydrogen, methane,
and carbon dioxide into separate gas streams. In order to
recirculate the hydrogen and produce Substitute Natural Gas
(methane), the preferred embodiment removes methane into
its own stream, and carbon dioxide into its own stream from
the gas stream coming from the water gas shift. Thus, three
separate streams result from this separating step, a hydrogen
stream, a methane stream and a carbon dioxide stream.

Several methods are known in the art for removing meth-
ane and carbon dioxide, including: absorption/stripping in
solvents, cryogenic separation, and pressure swing adsorp-
tion (PSA). The lowest cost gas separation process would
preferably be used to separate the methane and carbon diox-
ide from the hydrogen.

From industrial experience in hydrogen plants, pressure
swing adsorption has been used to remove carbon dioxide
using a zeolite (molecular sieve) adsorbent. An alternative
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method of gas separation is cryogenic cooling. To remove
methane using pressure swing adsorption, activated carbon is
typically used.

In the preferred embodiment of the present invention, two
separate pressure swing adsorption units are employed to
separate the gas stream coming from the water gas shift
reaction. However, an alternative embodiment would use a
single unit of mixed adsorbent bed to adsorb both the carbon
dioxide and the methane at the high pressure (about 50 to 100
atmospheres) and to intermittently differentially desorb at
lower pressure (~10 atmospheres) and remove and produce
carbon dioxide and methane separately. The hydrogen does
notadsorb and passes through the adsorption bed maintaining
pressure at 50 to 100 atmospheres. The carbon dioxide stream
is recovered pure, so it is ready for sale, discharge, or seques-
tration. A portion of the methane stream is ready for pipeline
distribution once it is adjusted to pipeline pressure and the
remaining portion is ready for use to create additional hydro-
gen for reinjection. The hydrogen stream is made ready for
reinjection. Once the gases are separated, the next steps oper-
ating on the separate gas streams occur more or less simulta-
neously. For simplicity, they are discussed as separate steps.

Carbon Dioxide Product (160). The next step in the process
of the invention is producing the carbon dioxide stream as a
product gas. The carbon dioxide gas is a pure product and may
be sold for other uses, sequestered to isolate it from the
atmosphere using one of the known techniques, or simply
discharged to the atmosphere.

Methane Processing First Portion (170) and Methane Prod-
uct Second Portion (210). The process of the invention next
divides the methane stream into two portions: a first portion
(170) that will be further processed to make hydrogen and a
second portion (210) as a product of the process. The next
three process steps describe the processes acting on the first
portion of the methane (170). The fourth step following
describes the action on the second portion (210).

Steam reformer, water gas shift reactor and gas separator
(180). The next step in the process of the invention is process-
ing a first portion (170) of the methane stream from the
separating step in a steam reformer, water gas shift reactor
and gas separator (180). This processing produces segregated
flows of hydrogen and carbon dioxide. The first portion (170)
is the amount of methane that will yield after such processing
a quantity of hydrogen that when combined with the sepa-
rated hydrogen stream from the previous step’s separation
will equal an amount of hydrogen at least equal to the amount
needed to sustain a continuous operation of the process.
Steam reforming makes hydrogen from water and from the
methane. So the process derives hydrogen both from the
methane and from water. The reforming process also pro-
duces carbon monoxide. The hydrogen and carbon monoxide
stream is again water gas shifted to create more hydrogen
from water and producing a pure carbon dioxide product
stream from the carbon monoxide.

This processing step completes the mass balance of the
preferred embodiment of the process. It is necessary to add 1
mole of hydrogen to the hydrogen stream coming from the
separating step. This is done by reforming 0.25 moles meth-
ane by conventional steam reforming and water gas shift:

Steam reforming 0.25 CH4+0.25 H,0=0.25 CO+0.75
Hy
AH=+15 Kcal

The steam reforming is endothermic, requiring 15 Kcal,
which is supplied by combusting methane in the reformer
furnace, which at 80% efficiency requires an additional 0.09
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moles of methane. The water gas shift completes the produc-
tion of 1 gram-mole hydrogen. The reaction is thermally
neutral

0.25 CO+0.25 H,0=0.25 CO,+0.25 H,

AH=0

The carbon dioxide is removed by pressure swing adsorp-
tion (PSA). An alternative method of separation is cryogenic
cooling. The total hydrogen production reaction is the sum of
the two above:

0.25 CH,+0.5 H,0=0.25 CO»+H,

The methane consumed in producing the 1 mole hydrogen
needed to complete the mass balance is the sum of 0.25
CH,+0.09 CH,=0.34 CH,

The net production of methane from this process is then the
methane produced in the separating step minus the methane
consumed 0.8 CH,-0.34 CH,=0.46 CH,,

Combining hydrogen (190). The next step in the process is
combining the segregated hydrogen flow with the hydrogen
stream from the separating step. The combined hydrogen
stream is then of sufficient volume to reinject and continue the
process. However, the temperature and pressure of the hydro-
gen stream must first be adjusted to those of the initial injec-
tion conditions. The combined hydrogen stream is at low
temperature, typically greater than about 100 degrees Centi-
grade, from the separating process and the operating pressure
may need some adjustment as well.

Heating and Repressurizing (200). The next step is heating
and repressurizing the combined hydrogen stream to the tem-
perature and pressure of the hydrogen in the first step. The
preferred embodiment raises the temperature by heat
exchanging the combined hydrogen stream with hot cleaned
gas to raise the temperature to about 800° C. In this embodi-
ment, a gas-fired heater makes up for heat losses and assures
the hydrogen will be brought to the hydrogen injection tem-
perature of 800-1000° C. and pressure of 50 to 100 atmo-
spheres.

Methane second portion (210). The next step is producing
a second portion of said methane stream as a product gas,
wherein said second portion is the amount of methane not
subjected to processing in the steam reformer, water gas shift
reactor and gas separator. As noted previously, this step is
performed more or less simultaneously with the other steps
dealing with the three gas streams from the separating step.

Continuing the Process (220). The next step in the process
is using the heated and repressurized hydrogen in the hydro-
gasifing step to continue the process. For underground
embodiments, this typically means reinjecting the hydrogen
into the coal seam. For above ground embodiments this typi-
cally means injecting the hydrogen in the reaction chamber.

The process of the invention is expected to have a conver-
sion efficiently of coal carbon to methane carbon (substitute
natural gas) as high as 90%.

The overall mass balance equation for producing Substi-
tute Natural Gas by the preferred embodiment of the process
of the invention from lignite is:

CHg g0 ,+0.7 H,0=0.55CH,+0.45 CO,

AH=+5.2 Kcal/mol

This endothermic energy is made up in the reformer. Sub-
tracting the 0.09 gram-moles of methane gross production of
0.55 gram-moles, yields a net methane production of 0.46
gram-moles of methane. Thus, about 46% of the extracted
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carbon or 41% of the carbon in the underground lignite is
converted to substitute natural gas and produced from the
process for sale or other use.

In an alternative embodiment of the invention when there is
no carbon monoxide formed in the hydrogasification step
because the carbon containing resource, for example carbon
alone, oil, or tar sands, does not contain oxygen, then mainly
methane is formed. In this case, the first water gas shift is
eliminated because of the absence of any significant quantity
of carbon monoxide. Thus, the step of processing the cooled
reaction effluent through a water gas shift reactor and the step
of producing the carbon dioxide stream as a product gas are
eliminated. The methane is separated into a first portion and a
second portion as in the above-described preferred embodi-
ment.

In an alternative embodiment, a single water gas shift reac-
tion is used after the step of cooling the cleaned reaction
effluent. Then, after the step of producing said carbon dioxide
stream as a product gas, only a steam reformer used. The
output hydrogen and carbon monoxide stream from the steam
reformer is used as the recycling fluid in the hydrogasitying
step. For this embodiment, the carbon monoxide in the recy-
cling fluid eventually reaches an equilibrium level.

INDUSTRIAL APPLICABILITY

The process is applicable to the coal mining industry, the
natural gas production industry, and the energy production
industry. It is an enhanced mining process that is available
through chemistry. It dramatically expands the potential for
the economic recovery of coal-derived fuel from an otherwise
unrecoverable domestic resource. It uses an inherently safe
process. It is environmentally friendly process, which avoids
the pollution typically associated with combusting coal prod-
ucts. It creates substitute natural gas from coal beds and
above-ground energy resources.

While there has been described herein what is considered
to be the preferred exemplary embodiment of the present
invention, other modifications of the present invention shall
be apparent to those skilled in the art from the teachings
herein, and it is, therefore, desired to be secured in the
appended claim all such modifications as fall the true spirit
and scope of the invention. Accordingly, what is desired to be
secured by Letters Patent of the United States the invention as
defined and differentiated in the following claims in which

What is claimed is:

1. A continuous process for producing substitute natural
gas and other products comprising the steps of,

(a) hydrogasifying a carbon-containing resource using
hydrogen at a temperature and pressure sufficient to
form a reaction effluent composed primarily of methane,
hydrogen and carbon monoxide;

(b) cleaning the reaction effluent to remove gases other
than methane, hydrogen and carbon monoxide and par-
ticulates;

(c) cooling the cleaned reaction effluent to a temperature
suitable for processing in a water gas shift reactor;

(d) processing the cooled reaction effluent through a water
gas shift reactor to convert the carbon monoxide and
hydrogen to a gaseous outflow of hydrogen, methane,
and carbon dioxide;

(e) separating said outflow of hydrogen, methane, and car-
bon dioxide into separate streams;

(®) producing said carbon dioxide stream as a product gas;

(g) processing a first portion of said methane stream in a
steam reformer, water gas shift reactor and gas separator
to produce segregated flows of hydrogen and carbon
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dioxide, wherein the quantity of said first portion is the
amount of methane that will yield after such processing
a quantity of hydrogen that when combined with the
separated hydrogen stream will equal an amount of
hydrogen at least equal to the amount needed to sustain
a continuous operation of the process;

(h) combining the segregated hydrogen flow with the sepa-
rated hydrogen stream;

(1) heating and repressurizing the combined hydrogen
stream to the temperature and pressure of the hydrogen
in the first step;

(j) producing a second portion of said methane stream as a
product gas, wherein said second portion is the amount
of methane not subjected to processing in the steam
reformer, water gas shift reactor and gas separator; and,

(k) using the heated and repressurized hydrogen in the
hydrogasifying step to continue the process.

2. The process of claim 1 wherein the hydrogen is at a
temperature between about 700 and 1000 degrees Centigrade
and at a pressure is between about 50 and 100 atmospheres.

3. The process of claim 1 wherein the temperature and
pressure of the hydrogen is adjusted to obtain the highest
concentration of methane to minimize recirculating hydrogen
pumping costs while maintaining high rates of reaction.

4. The process of claim 1 wherein separating the outflow of
hydrogen, methane, and carbon dioxide is performed by two
pressure swing adsorption units.

5. The process of claim 1 wherein separating the outflow of
hydrogen, methane, and carbon dioxide is accomplished by
cryogenic separation.

6. The process of claim 1 wherein separating the outflow of
hydrogen, methane, and carbon dioxide is performed by a
single pressure swing adsorption unit employing a mixed
adsorbent bed to adsorb both the carbon dioxide and the
methane at high pressure and to intermittently differentially
desorb at lower pressure.

7. The process of claim 1 wherein heating and repressur-
izing the combined hydrogen stream is performed by heat
exchanging the combined hydrogen stream with hot cleaned
gas and subjecting the combined hydrogen stream to a gas-
fired heater.

8. The process of claim 1 wherein the hydrogasifying step
is performed above ground in a reactor wherein the steady
state reaction temperature is between about 700 and 1000
degrees Centigrade and the reaction pressure is between
about 50 and 100 atmospheres.

9. The process of claim 1 wherein processing the cooled
reaction effluent through a water gas shift reactor takes place
at a temperature of about 250 degrees centigrade.

10. The process of claim 1 wherein the hydrogasifying step
is performed by injecting the hydrogen into an above ground
reaction chamber containing a hydrocarbon fuel.

11. The process of claim 1 wherein the hydrogasifying step
is performed by injecting hydrogen into an underground coal
bed; and, extracting the reaction effluent from said under-
ground coal bed for processing above ground.

12. The process of claim 11 further comprising the step of
combusting oxygen or air with the hydrogen prior to injecting
the hydrogen into an underground coal bed.

13. The process of claim 11 wherein the hydrogasifying
step is further performed by degassing the underground coal
bed prior to injecting hydrogen into the underground coal
bed.

14. The process of claim 11 wherein the hydrogasifying
step is further performed by dewatering the underground coal
bed prior to injecting hydrogen into the underground coal
bed.
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15. The process of claim 11 further comprising the step of
combusting hydrogen with oxygen or air to compensate for
excessive heat losses underground prior the step of using the
heated and repressurized hydrogen.

16. A continuous process for producing substitute natural
gas and other products from a carbon containing resource
having little or no oxygen comprising the steps of,

(a) hydrogasifying the carbon-containing resource using
hydrogen at a temperature and pressure sufficient to
form a reaction effluent composed primarily of methane;

(b) cleaning the reaction effluent to remove gases other
than methane and particulates to produce a methane
stream;

(c) cooling the methane stream to a temperature suitable
for processing;

(d) processing a first portion of said methane stream in a
steam reformer, water gas shift reactor and gas separator
to produce segregated flows of hydrogen and carbon
dioxide, wherein the quantity of said first portion is the
amount of methane that will yield after such processing
a quantity of hydrogen at least equal to the amount
needed to sustain a continuous operation of the process;

(e) heating and repressurizing the segregated hydrogen
flow to the temperature and pressure of the hydrogen in
the first step;

(f) producing a second portion of said methane stream as a
product gas, wherein said second portion is the amount
of methane not subjected to processing in the steam
reformer, water gas shift reactor and gas separator; and,

(g) using the heated and repressurized hydrogen in the
hydrogasifying step to continue the process.

17. A continuous process for producing substitute natural

gas and other products comprising the steps of,

(a) hydrogasifying a carbon-containing resource using
hydrogen at a temperature and pressure sufficient to
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form areaction effluent composed primarily of methane,
hydrogen and carbon monoxide;

(b) cleaning the reaction effluent to remove gases other
than methane, hydrogen and carbon monoxide and par-
ticulates;

(c) cooling the cleaned reaction effluent to a temperature
suitable for processing in a water gas shift reactor;

(d) processing the cooled reaction effluent through a water
gas shift reactor to convert the carbon monoxide to
hydrogen to a gaseous outflow of hydrogen, methane,
and carbon dioxide;

(e) separating said outflow of hydrogen, methane, and car-
bon dioxide into separate streams;

() producing said carbon dioxide stream as a product gas;

(g) processing a first portion of said methane stream in a
steam reformer to produce a hydrogen and carbon diox-
ide stream, wherein the quantity of said first portion is
the amount of methane that will yield after such process-
ing a quantity of hydrogen that when combined with the
separated hydrogen stream will equal an amount of
hydrogen at least equal to the amount needed to sustain
a continuous operation of the process;

(h) combining the hydrogen and carbon monoxide stream
with the separated hydrogen stream to form a combined
stream;

(1) heating and repressurizing the combined stream to the
temperature and pressure of the hydrogen in the first
step;

(j) producing a second portion of said methane stream as a
product gas wherein said second portion is the amount of
methane not subjected to processing in the steam
reformer.

(k) using the heated and repressurized combined stream in
the hydrogasifying step to continue the process.

#* #* #* #* #*



