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(54) Title: METHOD FOR TREATING A HYDROCARBON-CONTAINING FORMATION

(57) Abstract: The present invention provides a method for the production of synthesis gas from a hydrocarbon-containing subter-
ranean formation comprising: providing heat to at least a portion of the subterranean formation such that at least a part of the heated
portion reaches the pyrolysis temperature of kerogen, yielding pyrolysis products; collecting pyrolysis products from the subter-
ranean formation; injecting a synthesis gas-generating component into the heated part of the formation, resulting in the production
of synthesis gas by reaction of the synthesis gas-generating component with carbonaceous material remaining in the formation; and
recovering synthesis gas. The synthesis gas thus produced can be used for Fischer-Tropsch synthesis, manufacture of ammonia,
urea, methanol, methane and other hydrocarbons, or used as energy source, e.g. in fuel cells. Carbon dioxide produced in such use

of the synthesis gas can be sequestered in the formation.
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METHOD FOR THE PRODUCTION OF HYDROCARBONS AND SYNTHESIS
GAS FROM A HYDROCARBON-CONTAINING FORMATION

The present invention relates to a method for
production of hydrocarbons and carbon monoxide and/or
hydrogen from various hydrocarbon-containing formations.

Hydrocarbon containing materials obtained from
subterranean formations are often used as enerqgy
resources, as feedstocks, and as consumer products.
Concerns over depletion of available hydrocarbon
resources have led to development of processes for more
efficient recovery, processing and/or use of available
hydrocarbon resources. In situ processes may be used to
remove hydrocarbon materials from subterranean
formations. Chemical and/or physical properties of
hydrocarbon material within a subterranean formation may
need to be changed to allow hydrocarbon material to be
more easlily removed from the subterranean formation. The
chemical and physical changes may include 1in situ
reactions that produce removable fluids, solubility
changes, phase changes, and/or viscosity changes of the
hydrocarbon material within the formation. A fluid may
be, but is not limited to, a gas, a liquid, an emulsion,
slurry and/or a stream of solid particles that has flow
characteristics similar to liquid flow.

Application of heat to o1l shale formations 1s
described i1n US-A-2923535 and US-A-4886118. Heat 1is
applied to the o0il shale formation to pyrolyze kerogen
within the oil shale formation. The heat may also
fracture the formation to i1ncrease permeability of the
formation. The 1increased permeability may allow formation
fluid to travel to a production well where the fluid 1is

removed from the oil shale formation. In the process of
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US-A-2923535 an oxygen containing gaseous medium is
introduced to a permeable stratum, preferably while still
hot from a preheating step, to initiate combustion in
order to produce more hydrocarbon vapours and liquid
products.

A part of the 1nitial total organic carbon content of
the hydrocarbon containing formation, or the portion
thereof subjected to pyrolysis may be transformed into
hydrocarbon fluids. It is evident that after the
pyrolysis of the kerogen, hot carbonaceous material
remains in the formation. It has now been found that such
heated formations can be used to produce synthesis gas.

Accordingly, the present invention provides a method
for the production of synthesis gas from a hydrocarbon-
containing subterranean formation comprising:

providing heat to at least a portion of the
subterranean formation such that at least a part of the

g—
p—

heated portion reaches the pyrolysis temperature of

kerogen, yielding pyrolysis products;

collecting pyrolysis products from the subterranean

formation:;

injecting a synthesis gas-—generating component into
the heated part of the formation, resulting in the
production of synthesis gas by reaction of the synthesis
gas—generating component with carbonaceous material
remailning in the formation; and

recovering synthesis gas.

Synthesis gas 1s generally defined as a mixture of
hydrogen and carbon monoxide; 1t may, however, also
contailn additional components such as water, carbon
dioxide, methane and other gases. The synthesis gas is
produced from hydrocarbons remaining within the hydro-
carbon containing formation. The pyrolysis tends to
produce a relatively high, substantially uniform

permeability throughout the hydrocarbon containing
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formation or the pyrolysed portion thereof. Such a
relatively high, substantially uniform permeability
allows the generation of synthesis gas with low injection
costs and with minimum fingering and bypassing of
substantial portions of the formation. The portion also
has a large surface area and/or a largc surface
area/volume. The large surface area may allow synthesis
gas produclng reactions to be substantially at
equilibrium conditions during synthesis gas generation.
The relatively high, substantially uniform permeability
can result 1n a relatively high recovery efficiency of
synthesis gas, as compared to synthesis gas generation in
a hydrocarbon containing formation, which has not been
subjected to pyrolysis.
A formation can be heated to a temperature greater than
400 °C prior to contacting a synthesis gas-generating
fluid with the formation. Contacting a synthesis gas
generating fluid, such as water and/or carbon dioxide,
with carbon and/or hydrocarbon material within the
formation results 1n generation of synthesis gas if the
temperature of carbon contalning material is sufficiently
high. Syntheslis gas generation is generally an
endothermic process. Additional heat can suitably be
added to the formation during synthesis gas generation to
maintain a high temperature within the formation. The
heat may be added from heater wells and/or from oxidizing
carbon and/or hydrocarbons within the formation. The
generated synthesis gas may be removed from the formation
through one or more production wells.

synthesis gas generation can be commenced before
and/or after pyrolysis product production decreases to an
uneconomical level. In this manner, heat provided to
pyrolyze may also be used to generate synthesis gas. For
example, if a portion of the formation is at 270 °C to

375 °C after pyrolysis, then less additional heat is
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generally required to heat such portion to a temperature
sufficient to support synthesis gas generation.
Pyrolysis of at least some hydrocarbon containing
materlial may in some embodiments convert about 20% of
5 carbon 1nitially availlable. Synthesis gas generation may
convert approximately up to an additioral 70% of carbon
initially available within the portion. In this manner,
1n situ production of synthesis gas from a hydrocarbon
contalning formation may allow conversion of larger
10 amounts of carbon i1nitially available within the portion.
Certain embodiments include providing heat from one
Oor more heat sources to heat to a temperature sufficient
to allow synthesis gas generation. A temperature of at
least a portion of a formation that is used to generate
15 synthesls gas 1s suitably raised to a synthesis gas
generating temperature (e.g., between 400 °C and
1200 °C). Composition of produced synthesis gas may be
affected by formation temperature, and also by the
temperature of the formation adjacent to synthesis gas
20 production wells. A relatively low synthesis gas
generation temperature produces a synthesis gas having a

high Hp to CO ratio, but the produced synthesis gas may

also include a large portion of other gases such as water

and CO». A relatively high formation temperature produces
25 a synthesls gas having an Hyp to CO ratio that

approaches 1, so that the stream may include mostly, and

in some cases substantially only, Ho and CO. At a

formation temperature of about 620 °C, the formation may

produce a synthesis gas having an Hy to CO ratio of 2.

30 Heat sources for synthesis gas production include any
type of heat sources as described hereinbefore.
Alternatively, heating includes transferring heat from
neat transfer fluid, e.g., steam or combustion products
from a burner, flowing within a plurality of well bores

35 within the formation. Heat sources and/or production
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wells within a formation for pyrolyzing and producing
pyrolysis fluids from the formation can be utilized for
different purposes during synthesis gas production. A
well that was used as a heat source or a production well
during pyrolysis can be used as an injection well to
introduce synthesis gas producing fluic into the
formation. A well that was used as a heat source or a
production well during pyrolysis can be used as a
production well during synthesis gas generation. A well
that was used as a heat source or a production well
during pyrolysis can be used as a heat source to heat the
formation during synthesis gas generation. Synthesis gas
production wells may be spaced further apart than
pyrolysls production wells because of the relatively
high, substantially uniform permeability of the
formation. Synthesis gas production wells are suitably
heated to relatively high temperatures so that a portion
of the formation adjacent to the produétion 1s at a
temperature that will produce a desired synthesis gas
composition. Comparatively, pyrolysis fluid production
wells may not be heated at all, or may only be heated to
a temperature that will inhibit condensation of pyrolysis
fluid within the production well. The spacing between
heat sources may typically be within the range of from

o m to 20 m, preferably from 8 m to 15 m.

A synthesls gas generating fluid e.qg., liquid water,
steam, carbon dioxide, air, oxygen, hydrocarbons, and
mixtures thereof, may be provided to the formation. For
example, the synthesis gas generating fluid mixture can
include steam and oxygen. In an embodiment, a synthesis
gas generating fluid includes water produced by pyrolysis
of at least some hydrocarbon containing material within
one or more other portions of the formation. Providing
the synthesis gas generating fluid can alternatively

include ralsing a water table of the formation to allow
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water to flow into 1it. Synthesis gas generating fluid can
also be provided through at least one injection well
bore. The synthesis gas generating fluid will generally

react with carbon in the formation to form Hjp, water,
COp, and/or CO. A portion of the carbon dioxide tends to

react with carbon in the formation to generate carbon

monoxide. Hydrocarbons such as Cyp-Cg-alkanes, e.g.,

ethane, can be added to a synthesis gas generating fluid.
When introduced into the formation, the hydrocarbons may
crack to form hydrogen and/or methane. The presence of
methane 1n produced synthesis gas increases the heating
value of the produced synthesis gas.

Synthesls gas generating reactions are typically
endothermic reactions. In an embodiment, an oxidant is
added to a synthesis gas generating fluid. The oxidant
includes, but is not limited to, air, oxygen enriched
air, oxygen, hydrogen peroxide, other oxidizing fluids,
or combinations thereof. In an embodiment, it is
desirable to use oxygen rather than air as oxidizing
fluid in contilinuous production. If air is used, a

drawback could be that nitrogen may need to be separated

from the synthesis gas. The use of oxygen as oxidizing
fluid may increase a cost of production due to the cost
of obtaining substantially purer oxygen. The nitrogen by-
product obtained from an air separation plant used to
produce the required oxygen can, however, be used in a
heat exchanger to condense hydrocarbons from a hot vapour
stream produced during pyrolysis of hydrocarbon
containing material. Still, preferably the oxidant is
alr. The oxidant may react with carbon within the
formation to exothermically generate heat. Reaction of an
oxidant with carbon in the formation can result in

production of COp and/or CO. Introduction of an oxidant

to react with carbon in the formation may economically

allow raising the formation temperature high enough to
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result 1n generation of significant quantities of Hjp and

CO from carbon within the formation.

Synthesis gas generation can be via a batch process
Oor a continuous process, as 1s further described herein.
Synthesis gas can be produced from one or more producer
wells that i1nclude one or more heat sources. Such heat
sources may operate to promote production of the
synthesis gas with a desired composition.

Certain embodiments include monitoring a composition
of the produced synthesis gas, and then controlling
heating and/or controlling input of the synthesis gas
generating fluid to maintain the composition of the
produced synthesis gas within a desired range. For
example, for certain uses the produced synthesis gas
preferably has a ratio of hydrogen to carbon monoxide of
about 2:1.

The synthesis gas can be generated in a wide
temperature range, such as between 400 °C and 1200 °C,
more typically between 600 °C and 1000 °C. At a
relatively low synthesis gas generation temperature a

synthesls gas may be produced which has a high Hy to CO

ratio. A relatively high formation temperature may

produce a synthesis gas having an Hp to CO ratio that

approaches 1, and the stream may include mostly, and in

some cases substantially only, Hop and CO. At a formation

temperature of about 700 °C, the formation may produce a

synthesis gas having an Hyp to CO ratio of 2. Typically
synthesls gas may be generated which has a Hp to CO mole

ratio 1n the range of from 1:4 to 8:1, more typically in
the range of from 1:2 to 4:1, in particular in the range
of from 1:1 to 2.5:1. Certain embodiments may include
blending a first synthesis gas with a second synthesis

gas to produce synthesis gas of a desired composition.
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The first and the second synthesis gases may be produced
from different portions of the formation.

Certain embodiments may include blending a first
synthesls gas with a second synthesis gas to produce
synthesis gas of a desired composition. The first and the
second synthesis gases may be produced from different
portions of the formation.

Synthesis gases described herein can be used for a
variety of purposes. For example, synthesis gas can be
converted to heavier condensable hydrocarbons. For
example, a Fischer-Tropsch hydrocarbon synthesis process
can be configured to convert synthesis gas to branched
and unbranched paraffins with 1 to 30 carbon atoms.
Paraffins produced from the Fischer-Tropsch process may
pe configured to produce other products such as diesel,
jet fuel, and naphtha products. The produced synthesis
gas can also be used in a catalytic methanation process
to produce methane. Alternatively, the produced synthesis
gas may be used for production of methanol, gasoline and
diesel fuel, ammonia, and middle distillates. Examples of
methods for conversion of synthesis gas to hydrocarbons
in a Fischer-Tropsch process are illustrated in
US-A-4090l163, US-A-6085512, US-A-6172124 and
US-A-4594468. Examples of a catalytic methanation process
are 1llustrated in US-A-3992148, US-A-4130575 and
US-A-4133825. Examples of processes for production of
methanol are i1llustrated in US-A-4407973, US-A-4927857,

and US-A-4994093. Examples of process for producing
englne fuels are 1llustrated in US-A-4076761,
US-A-4138442, and US-A-4605680.

Produced synthesis gas can also be used to heat the

formation as a combustion fuel. Hydrogen in produced

syntheslis gas can be used to upgrade o0il. In other
embodiments, produced synthesis gas is used as a feed gas

for production of ammonia and urea.
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Synthesis gas may also be used for other purposes. It
can be combusted as fuel. Synthesis gas can be used to
generate electricity, either by reducing the pressure of
the synthesis gas in turbines, and/or using the
temperature of the synthesis gas to make steam (and then
run turbines). Synthesis gas can also te used in an
energy generation unit such as a molten carbonate fuel
cell or anothef type of fuel cell, a turbine, a boiler
firebox, or a downhole gas heater. A molten carbonate
fuel cell (™MCFC”) uses a molten carbonate salt mixture
as an electrolyte. The composition of the electrolyte can
be varied. A typical electrolyte may include lithium
carbonate and potassium carbonate. At an operating
temperature of about 600 to 650 °C, the electrolyte is
liquid and a good ionic conductor. The electrolyte can be
suspended 1n a porous, insulating and chemically inert
ceramic matrix. Produced electrical energy may be
supplied to the power grid. A portion of the produced
electricity 1s sultably used to supply energy to
electrical heating elements to heat the formation. In one
embodiment, the energy generation unit is a boiler
firebox. A firebox includes a small refractory-lined
chamber, bullt wholly or partly in the wall of a kiln,
for combustion of fuel. Air or oxygen is supplied to the
energy generation unit to oxidize the produced synthesis
gas. Water produced by oxidation of the synthesis gas is
advantageously recycled to the formation to produce
additional synthesis gas.

The produced synthesis gas can also be used as a fuel
1n downhole gas heaters. Downhole gas heaters, such as a

flameless combustor as disclosed herein, can be

configured to heat a hydrocarbon containing formation. In

this manner, a thermal conduction process 1is
substantially self-reliant and/or substantially reduces

or eliminates a need for electricity. Because flameless
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combustors have a thermal efficiency approaching 90%, an
amount of carbon dioxide released to the environment
tends to be less than an amount of carbon dioxide
released to the environment from a process using fossil-
fuel generated electricity to heat the hydrocarbon
containing formation.

A composition of synthesis gas for use in an energy

generation unit may be in the range of an Ho to carbon

monoxide ratio of about 8:1 to 12:1 (e.g., 10:1).

Synthesis gas with lower Hp to carbon monoxide ratios,

however, can sultably be used for energy generation.
Certailn embodlments include separating a fuel cell
feed stream from fluids produced from pyrolysis of at

least some of the hydrocarbon containing material within

a formation. The fuel cell feed stream can include Hy, and

hydrocarbons. In addition, certain embodiments may
include directing the fuel cell feed stream to a fuel
cell to produce electricity. The electricity generated
from the synthesis gas or the pyrolysis fluids in the
fuel cell can advantageously be configured to power
electrical heaters, which are configured to heat at least
a portion of the formation. Certain embodiments include

separating carbon dioxide from a fluid exiting the fuel

cell. Carbon dioxide produced from a fuel cell or a
formation can be used for a variety of purposes.

In an embodiment, a portion of a formation that has
been pyrolyzed and/or subjected to synthesis gas
generation 1s allowed to cool or is cooled to form a
cooled, spent portion within the formation. For example,
a heated portion of a formation may be allowed to cool by
transference of heat to adjacent portion of the
formation. The transference of heat may occur naturally
or may be forced by the introduction of heat transfer
fluilids through the heated portion and into a cooler

portion of the formation. Alternatively, introducing

10
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water to the first portion of the formation may cool the
first portion. Water introduced into the first portion
may be removed from the formation as steam. The removed
water may be 1njected into a hot portion of the formation
to create synthesis gas. Cooling the formation provides
certain benefits including increasing *he strength of the
rock 1in the formation, thereby mitigating subsidence, and
increasing absorptive capacity of the formation.

After production of pyrolysis fluids and/or synthesis
gas, fluid (e.g. carbon dioxide) may be sequestered
within the formation. To store a significant amount of
fluid within the formation, a temperature of the
formation will often need to be less than about 100 °C.
Water may be introduced into at least a portion of the
formation to generate steam and reduce a temperature of
the formation. The steam may be removed from the
formation. The steam may be utilized for various
purposes, 1ncluding, but not limited to, heating another
portion of the formation, generating synthesis gas in an
adjacent portion of the formation, and as a steam flood
in a o1l reservoir. After the formation is cooled, fluid
(e.g., carbon dioxide) may be pressurized and sequestered
in the formation. Sequestering fluid within the formation
may result 1n a significant reduction or elimination of
fluid that 1s released to the environment due to
operation of the 1n situ conversion process.

An example of a method for sequestering carbon
dibxide is 1llustrated in US-A-5566756. Carbon dioxide 1is
injected, sultably under pressure, into the cooled, spent
portion of the formation. The injected carbon dioxide may
adsorb onto hydrocarbon containing material in the
formation. The carbon dioxide may be generated during
pyrolysis, synthesis gas generation, and/or extraction of
useful energy. Subsequent addition of water to the

formation may inhibit desorption of the carbon dioxide.

11
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In an embodiment, produced formation fluids are stored in
a cooled, spent portion of the formation. In some
embodiments carbon dioxide is stored in relatively deep
coal beds, and used to desorb coal bed methane.

The hydrocarbon containing formation can be selected
from any subterranean resource that cortains hydro-
carbons, These formations include, coal, o0il shale, tar
sands, heavy hydrocarbons having a high viscosity,
bitumen-containing formations and the like.

Preferably the hydrocarbon containing formation for
use 1n this invention contains kerogen. Kerogen is
composed of organic matter, which has been transformed
due to a maturation process. Hydrocarbon containing
formations, which include kerogen are for example coal
containing formations and oil shale containing
formations. Alternatively, hydrocarbon-containing
formations may be treated which do not include kerogen,
for example, formations containing heavy hydrocarbons
(e.g., tar sands).

Hydrocarbon-containing formations may be selected for
in situ treatment based on properties of at least a
portion of the formation such that it leads to the
production of high quality fluids from the formation. For
example, hydrocarbon-containing formations, which include
kerogen may be assessed or selected for treatment based
on a vitrinite reflectance of the kerogen. Vitrinite
reflectance 1s often related to the elemental hydrogen to
carbon ratio of a kerogen and the elemental oxygen to
carbon ratio of the kerogen. Preferably the vitrinite
reflectance is in the range of from 0.2% to 3.0%, more
preferably from 0.5% to 2.0%. Such ranges of vitrinite
reflectance tend to indicate that relatively higher

quality hydrocarbon fluids will be produced from the

formation.

12



CA 02407125 2002-10-22
WO 01/81717 PCT/EP01/04669

The hydrocarbon containing formation may be selected
for treatment based on the elemental hydrogen content of
the hydrocarbon containing formation. For example, a
method of treating a kerogen-containing formation may
5 typically 1include selecting a hydrocarbon containing
formation for treatment having kerogen with an elemental
hydrogen content greater than 2 weight%, in particular
greater than 3 weight%, or more in particular greater
than 4 weight% when measured on a dry, ash-free basis.
10 Preferably, the hydrocarbon containing formation has
kerogen with an elemental hydrogen to carbon ratio in the
range of from 0.5 to 2, in particular from 0.70 to 1.7.
The elemental hydrogen content may significantly affect
the composition of hydrocarbon fluids produced, for
15 example through the formation of molecular hydrogen.
Removal of hydrocarbons due to treating at least a
portion of a hydrocarbon containing formation as
described 1n any of the above embodiments may also occur
on a microscoplc scale. Hydrocarbons may be removed from
20 micropores of hydrocarbon containing material within the
portion due to heating. Micropores may be generally
defined as pores having a cross-sectional dimension of
less than about 1000 A. In this manner, such removal of
hydrocarbons may result in a substantially uniform
25 increase 1n porosity within at least a selected section
of the heated portion. Heating the portion of a hydro-
carbon containing formation as described in any of the
above embodiments may substantially uniformly increase a
porosity of a selected section within the heated portion.
30 In the context of this patent “substantially uniform
porosity” means that the assessed (e.g., calculated or
estimated) porosity of any selected portion in the
formation does not vary by more than a factor of 10 from

the assessed average porosity of such selected portion.

13
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The hydrocarbon containing formation may be heated to
a temperature at which pyrolysis can take place. The
pyrolysis temperature range may include temperatures up
to, for example, 900 °C. A majority of hydrocarbon fluids
may be produced within a pyrolysis temperature range of
from 250 °C to 400 °C, more preferably in the range of
from 260 °C to 375 °C. A temperature sufficient to
pyrolyse heavy hydrocarbons in a hydrocarbon containing
formation of relatively low permeability may be within a
range from 270 °C to 300 °C. In other embodiments, a
temperature sufficlent to pyrolyse heavy hydrocarbons may
be within a range from 300 °C to 375 °C. If a hydrocarbon
containing formation is heated throughout the entire
pyrolysis temperature range, the formation may produce
only small amounts of hydrogen towards the upper limit of
the pyrolysis temperature range. After the available
hydrogen 1s depleted, little hydrocarbon production from
the formation may occur.

In accordance with this invention the pressure is
controlled during pyrolysis and during the production of
the hydrocarbon fluid from the formation. Typically, a
pressure of at least 1.0 bar is applied, more typically
at least 1.5 bar, 1n particular at least 1.8 bar. In
particular, when the pyrolysis temperature is at least
300 °C, a pressure of at least 1.6 bar may be applied.
The upper limit of the pressure may be determined by the
structure and the weight of the overburden. Frequently,
under practical conditions, the pressure is less than
/10 bar, more frequently less than 60 bar or even less
than 50 bar. The pressure may advantageously be
controlled within a range of from 2 bar to 18 bar or
20 bar, or alternatively within a range of from 20 bar to
36 bar.

In a preferred embodiment, as indicated hereinbefore,

a partlal pressure of hydrogen is maintained. Typically
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the partial pressure is at least 0.5 bar, for example up
to 20 bar, more typically in the range of from 1 bar to
10 bar, 1in particular in the range of from 5 bar to

7 bar. Maintaining a hydrogen partial pressure within the
formation 1n particular increases the API gravity of
produced hydrocarbon fluids and reduce~s the production of
long chain hydrocarbon fluids.

Physical characteristics of a portion of a hydro-
carbon containing formation after pyrolysis may be
similar to those of a porous bed. For example, a portion
of a hydrocarbon containing formation after pyrolysis may
include particles having sizes of about several milli-
meters. Such physical characteristics may differ from
physical characteristics of a hydrocarbon containing
formation that may be subjected to injection of gases
that burn hydrocarbon-containing material in order to

heat the hydrocarbon containing material. Such gases

injected into virgin or fractured formations may tend to
channel and may not be uniformly distributed throughout
the formation. In contrast, a gas injected into a
pyrolyzed portion of a hydrocarbon containing formation
may readlly and substantially uniformly contact the
hydrocarbon containing material remaining in the
formation. In addition, gases produced by heating the
hydrocarbon contalning material may be transferred a
significant distance within the heated portion of the
formation with a minimal pressure loss. Such transfer of
gases may be particularly advantageous, for example, in
treating a steeply dipping hydrocarbon containing
formation.

In one embodiment, injecting additional components
into the formation along with steam can change a
composition of the produced synthesis gas. Carbon dioxide
may be provided 1n the synthesis gas generating fluid to

substantially i1nhibit production of carbon dioxide
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produced from the formation during synthesis gas
generation. The carbon dioxide may shift equilibrium of
the formation of carbon dioxide from the carbon of the
formation and thereby reduce the amount of carbon dioxide
generated from formation carbon. The carbon dioxide can
also react with carbon in the formatior. to generate
carbon monoxide. Carbon dioxide may be separated from the
synthesis gas and may be re-injected into the formation
with the synthesis gas generating fluid.

A pressure of the hydrocarbon containing formation
may be maintalned at relatively high pressures during
synthesis gas production. The pressure may range from
atmospheric pressure to the lithostatic pressure of the
formation. Hence, synthesis gas may be generated in a
wide pressure range, for example between 1 bar and
100 bar, more typically between 2 bar and 80 bar,
especlally between 5 bar and 60 bar. High operating

pressures may result 1in an increased production of H»s.

High operating pressures may allow generation of
electricity by passing produced synthesis gas through a
turbine, and they may allow for smaller collection
condults to transport produced synthesis gas.

Synthesis gas can be produced batch-wise or by
continuous 1injection. In batch-wise operation oxidizing
fluid, such as alir or oxygen, may be injected into the
formation via a well bore. Oxidation of hydrocarbon
containing material may heat a region of the formation.
Injection of air or oxygen may continue until an average
temperature of the region is at a desired temperature,
e.g., between about 900 °C and about 1000 °C. Higher or
lower temperatures may also be employed. A temperature
gradient may be formed in region between the injection
well bore and a production well bore through which

syntheslis gas 1s recovered. The highest temperature of
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the gradient may be located proximate to the injection
well bore.

When a desired temperature is reached, or when
oxidizing fluid has been injected for a desired period of
time, oxidizing fluid injection may be lessened and/or
ceased. A synthesis gas generating flu’d, such as steam
or water, may be injected into a different injection well
pore to produce synthesis gas. A backpressure of the
injected steam or water in the injection well bore may
force the synthesis gas produced and un-reacted steam
across the region. Product stream may be produced through
the well bore in which oxidation fluid was injected. If
the composition of the product deviates substantially
from a desired composition, then steam injection may
cease, and alr or oxygen injection may be reinitiated.

In continuous operation, an oxidizing fluid and a
synthesis gas generating fluid may be simultaneously
injected at injection wells and synthesis gas produced at
production wells. For example, oxygen and steam may be
injected continuously in the desired ratio (e.g. 1:2 to
1:4).

Example 1

Hydrocarbon fluids were produced from a portion of a
coal contailning formation by an in situ experiment
conducted in a portion of a coal containing formation.
The coal 1s high volatile bituminous C coal. It was
heated with electrical heaters. The experimental field
test system included at least coal containing formation
within a grout wall. The coal containing formation dipped
at an angle of approximately 36° with an intercepted
thickness of approximately 4.9 meters. Three heat
sources, two production wells and four temperature
observation wells were used for within the experimental
field test system. The three heat sources were disposed

in a triangular configuration with a 2 m spacing on each
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side. One central production well was located proximate a
centre of the heat source pattern and equidistant from
each of the heat sources. A second outer production well
was located outside the heat source pattern and spaced
equidistant from the two closest heat sources. A grout
wall was formed around the heat source pattern and the
production wells. The grout wall included pillars to
inhibit an influx of water into the portion during the in
situ experiment and to substantially inhibit loss of
generated hydrocarbon fluids to an unheated portion of
the formation.

Temperatures were measured at various times during
the experiment at each of four temperature observation

wells. The formation was heated for over three months at

a temperature of below 400 °C. Gas and liquid were

produced from the formation via the central production
well. Four barrels of o0il and about 282,000 standard
cubic feet of gas were produced during the pyrolysis
stage. The total bafrels of 011l equivalent during the
pyrolysis stage was 31.5 BOE. The entire pyrolysis stage
lasted for 134 days.

Subsequently, synthesis gas was produced in the
portion of the coal containing formation. In this
experiment, heater wells were also configured to inject
and produce fluids. Synthesis gas production was started
after an energy input of approximately 77,000 kW.h. The
average coal temperature in the pyrolysis region during
synthesis gas generation was about 620 °C. Approximately
243,000 standard cubic feet of gas were produced during
the synthesis gas generating stage. The total barrels of
01l equivalent produced during the syngas stage was
6.9 BOE. The amount of useable energy contained in the
produced synthesis gas was less than that contained in
the pyrolysis fluids. Synthesis gas production is less

energy efficient than pyrolysis for two reasons. First,
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the synthesis gas reaction products have a lower energy
content than the low carbon number hydrocarbons produced
in pyrolysis. Second, the endothermic synthesis gas
reaction consumes energy.

Synthesis gas may be generated in a formation at a
syntheslis gas generating temperature before the injection
of water or steam due to the presence of natural water
inflow into hot coal formation. Natural water may come
from below the formation. In the experimental field test,
the maximum natural water inflow was approximately
5 kg/h. Water was injected at rates of about 2.7 kg/h,
5.4 kg/h, and 11 kg/h, respectively, into the central
production well. Production of synthesis gas is at the
three heater wells. The synthesis gas production per unit
volume of water injected was constant at total water
inflow above 7.7 kg/h, and began to decrease at
approximately 2.7 kg/h of injected water or 7.7 kg/h of

total water inflow. The reason for the decrease is that

steam was flowing too fast through the coal seam to reach

reaction equilibrium with the formation, indicating that
the i1njected water is in reaction equilibrium with the
formation to about 2.7 kg/hr of injected water or

7.7 kg/h of total water inflow.

A second run corresponds to injection of steam at one
heater well, and production of additional gas at the
central production well. The second run results in
substantially the same amount of additional synthesis gas
produced. Again, at higher injection rates the production
starts to deviate from equilibrium because the residence
time 1s 1insufficient for the additional water to react
with the coal. As temperature is increased, a greater
amount of additional synthesis gas is produced for a
given 1injected water rate. The reason is that at higher
temperatures the reaction rate and conversion of water

1nto synthesis gas increases.
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Table I includes the composition of synthesis gas

producing during a run of the in situ coal field

experiment.
Table 1
l Compgﬁénfj__—___J_
Methane -
Ethane -
Ethene -

l Acetilene
PrOpéﬁé B | -

Pfopfighe
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Isobutane

n—-Butane

l-Bﬁtene-

l Isobutene

cis-2-Butene —1‘

" trans-2-Butene

 3-Butadiene

I Isopentane

 n-Pentane fr

| Pentene-1

T-2-Pentene

2-Methyl-2-Butene

C-2~Pentene
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Hexanes

Ho

Carbon monoxide

Carbon dioxide
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Table I (cont’d)

Component Mol% OWt%
Nitrogen 5.782 10.041

Ooxygen 0.955 1.895
Hydrogen sulphide 0.077 ) 0.163
| — Total | 100.000 100.000

The experiment was performed in batch mode at about
620 °C heating being supplied by electric heaters. The
presence of nitrogen and oxygen 1is due to contamination

of the sample with air. The mole percent of Hyp, carbon

monoxide, and carbon dioxide, neglecting the composition
of all other species, may be determined for the above

data. For example, mole percent of Hp, carbon monoxide,

and carbon dioxide may be increased proportionally such
that the mole percentages of the three components equal
approximately 100%. In this manner, the mole percent of

H», carbon monoxide, and carbon dioxide, neglecting the

composition of all other species, 1s ©63.8%, 14.4%, and
21.8%, respectively. The methane is believed to come
primarily from the pyrolysis region outside the triangle
of heaters.

Experiments were conducted with methane injection
into the hot coal. Methane was injected into the central
production wells, and fluid was produced from the three
heater wells. The average temperatures measured at
various wells were as follows: heater wells 746 °C, 746
°C and 767 °C, respectively, and outer and central
production wells 606 °C and 769 °C, respectively. When
the methane contacts the formation, it may crack within

the formation to produce Hp and coke. As the methane
lnjection rate increases, the production of H» increases,
indicating that methane is cracking to form Hp. Methane

production 1s also 1ncreasing which indicates that not
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all of the i1njected methane is cracked. The measured
compositions of ethane, ethene, propane, and butane were

negligible. The Hp may be used in a fuel cell to produce

electrical energy. Any uncracked methane may be separated

from the Hp and reinjected into the formation.

In a separate experiment ethane was injected into the
central production well and fluid was produced from the
three heater wells. The average temperatures measured at
various wells were as follows: heater wells 742 °C,

750 °C and 744 °C, respectively, and outer and central
production wells 626 °"C and 818 °C, respectively. When
ethane contacts the formation, it may crack within the

formation to produce Hp, methane, ethene, and coke. It

was found that as the ethane injection rate increases,

the production of Hp, methane, ethane, and ethene
lncreases, 1ndicating that ethane is cracking to form Hj

and lower molecular weight components. The flow rate of
propane and propylene were unaffected by the injection of
ethane.

In a separate experiment propane was injected into
the central production well, and fluid was produced from
heater wells. The average temperatures measured at
various wells were as follows: heater wells 737 °C,

753 °C and 726 °C, respectively, outer and central
production wells 606 °C and 759 °C, respectively. When
propane contacts the formation, it may crack within the

formation to produce Hj,, methane, ethane, ethene,

propylene and coke. As the propane injection rate

increases, the production of Hp, methane, ethane, ethene,

propane, and propylene i1ncreases, indicating that propane

1s cracking to form Hs and lower molecular weight

components.
In a separate experliment butane was injected into the

central production well and fluid was produced from
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heater wells. The average temperature measured at various
wells were as follows: heater wells 772 °C, 764 °C and
753 °C, respectively, and outer and central production
wells 624 °C and 830 °C, respectively. When butane
contacts the formation, 1t may crack within the formation

to produce Hp, methane, ethane, ethene, propane,

propylene, and coke. It was found that as the butane

injection rate increases, the production of Ho, methane,

ethane, ethene, propane, and propylene increases,

indicating that butane is cracking to form Hy and lower

molecular weight components.

The following Table II illustrates the results from
analyzing coal before and after it was treated i.e.,
after pyrolysis and production of synthesis gas in the
field experiment as described above. The coal was cored
at about 36-37 feet from the surface, midway into the
coal bed, 1n both the “before treatment” and “after
treatment” examples. Both cores were taken at about the
same location. In the following Table II “FA” means
Fisher Assay, “as rec’d” means the sample was tested as
1t was received and without any further treatment, “Py-
Water” means the water produced during pyrolysis, “H/C
Atomic Ratio” means the atomic ratio of hydrogen to
carbon, “daf” means "“dry ash free,” “dmmf” means “dry
mineral matter free,” and “‘mmf” means “mineral matter
free.” The density of the “after treatment” core sample
was approximately 0.85 g/ml whereas the density of the

"before treatment” core sample was approximately
1.35 g/ml.
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Table I1I

Analysis Before After

Treatment | Treatment

$ Vitrinite Reflectance 0.54 5.16
PA (gal/ton, as-rec’d) 11.81 0.17
FA (wt%, as rec’d) ©6.10 0.61
FA Py-Water (gal/ton, as-rec’d) 10.54 2.22
H/C Atomic Ratio 0.85 0.06
H (wt%, daf) 5.31 0.44
O (wt3s, daf) 17.08 3.06
N (wt%, daf) 1.43 1.35
Ash (wt%, as rec’d) 32.72 56.50
FFixed Carbon (wt%, dmmf) 54 .45 94.43
Volatile Matter (wt%, dmmf) 45.55 S5.57

IHeating Value (Btu/lb, moist, mmf) 12048 | 14281

In sum, the results shown in the above Table II

demonstrate that a significant amount of hydrocarbons and
hydrogen were removed durlng treatment of the coal by
pyrolysis and generation of synthesis gas. Significant
amounts of undesirable products (ash and nitrogen)
remalning in the formation while the significant amounts
of desirable products (e.g., condensable hydrocarbons and
gas) were removed.

Example 2

Equilibrium gas dry mole fractions for a coal
reaction with water was calculated. Methane reactions are
not included and coal char is assumed to be carbon. The
fractions are representative of a gas produced from a
hydrocarbon containing formation that has been passed
through a condenser to remove water from the produced
gas. Equililbrium gas dry mole fractions are calculated

for Hp, carbon monoxide and carbon dioxide as a function

of temperature at a pressure of 2 bar absolute. At

390 °C, liquid production tends to cease, and production
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of gases tends to commence. The gases produced at this

temperature include about 67% Ho, and about 33% carbon

dioxide. Carbon monoxide is present in negligible
quantities below about 410 °C. At temperatures of about
500 °C, however, carbon monoxide is present in the
produced gas 1n measurable quantities. For example, at

500 °C, about 66.5% Hp, about 32% carbon dioxide, and

about 2.5% carbon monoxide are present. At 700 °C, the

produced gas includes about 57.5% Hp, about 15.5% carbon

dioxide, and about 27% carbon monoxide.
Equilibrium wet mole fractions for a coal reaction
with water were calculated. Equilibrium wet mole

fractions are shown for water, Hp, carbon monoxide, and

carbon dioxide as a function of temperature at a pressure
of 2 bar absolute. At 390 °C, the produced gas includes

about 89% water, about 7% H», and about 4% carbon

dioxide. At 500 °C, the produced gas includes about 66%

water, about 22% Hp, about 11% carbon dioxide, and about

s carbon monoxide. At 700 °C, the produced gas include

about percent 18% water, about 47.5% Hp, about 12% carbon

dioxide, and about 22.5% carbon monoxide.

These calculations i1llustrate that at the lower end
of the temperature range at which synthesis gas may be
produced (i.e., about 400 °C) equilibrium gas phase

fractions may not favour production of Ho from hydro-

carbons and steam. As temperature increases, the
equilibrium gas phase fractions increasingly favour the

production of Hp. For example, the gas phase equilibrium
wet mole fraction of Hy increases from about 9% at 400 °C

to about 39% at 610 °C and reaches 50% at about 800 °C.
The calculations further 1llustrate that at temperatures
greater than about 660 °C, equilibrium gas phase
fractions tend to favour production of carbon monoxide

over carbon dioxide. They also 1llustrate that as the
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temperature increases from between about 400 °C to about

1000 °C, the Hy to carbon monoxide ratio of produced

synthesls gas may continuously decrease throughout this

range. For example, the equilibrium gas phase Hy to

carbon monoxide ratio at 500 °C, 660 °C, and 1000 °C is
about 22:1, about 3:1, and about 1:1, respectively.
Produced synthesis gas at lower temperatures may have a
larger quantity of water and carbon dioxide than at
higher temperatures. As the temperature increases, the
overall percentage of carbon monoxide and hydrogen within
the synthesis gas may increase.

Other methods of producing synthesis gas were
successfully demonstrated at the experimental field test.
These 1ncluded continuous injection of steam and air,
steam and oxygen, water and air, water and oxygen, steam,
air and carbon dioxide. All these injections successfully

generated synthesis gas i1n the hot coke formation.
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‘ CLAIMS

1. A method for the production of a gas from a
hydrocarbon-containing subterranean formation comprising:

providing heat to at least a portion of the
subterranean formation such that at least a part of the
heated portion reaches the pyrolyslis temperature of
hydrocarbons, yielding pyrolysis products;

collecting pyrolysis products from the subterranean
formation over a prolonged period of time; and
subsequently injecting a fluid into the heated part of
the formation, resulting in the production of a reaction
product by reaction of the fluid with carbonaceous
material remaining in the formation;
characterized in that the fluid 1s a syntheslis gas
generating fluid, which 1s reacted with the heated part
at a temperature in the range of 400 °C to 1200 °C to

produce synthesis gas having a Hyp to CO ratio related to

the temperature.

2. Method according to claim 1, in which the synthesis
gas generating fluid 1s water and/or carbon dioxide.

3. Method according to claim 1 or 2, in which additional
heat 1s adaded to the formation prior to or during
synthesls gas generation.

4. Method according to any one of claims 1 to 3, in
which the synthesis gas generating fluid comprises a
mixture including steam and oxygen.

5. Method according to any one of claims 1 to 4, in

which the pressure ranges from atmospheric pressure to

the lithostatic pressure of the formation.
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6. Method according to any one of claims 1 to 5, in

which the synthesis gas generating fluid includes water,
produced by pyrolysis.

7. Method according to any one of claims 1 to 6, in
which the synthesis gases recovered are converted to
heavier condensable hydrocarbons a Fischer-Tropsch
hydrocarbon synthesis.

8. Method according to any one of claims 1 to 7, in
which the hydrocarbon-containing formation contains
Kerogen.

9. DMethod according to claim 8, in which the hydro-
carbon-containing formation contains kerogen with a
vitrinite reflectance of 0.2% to 3.0%.

10. Method according to any preceding claim, wherein the
formation 1s heated by one or more heat sources that are
arranged in one or more heat injection wells.

11. Method according to any preceding claim, wherein the
composition of the produced synthesis gas i1s monitored

and the heating and/or input of synthesis gas generating

fluid 1s controlled to maintain the composition of the
produced synthesls gas within a desired range.
12. Method according to any preceding claim, wherein

during the production of synthesis gas the formation is

heated to a temperature between 600 °C and 1000 °cC.
13. Method according to any proceding claim, wherein
during the production of synthesis gas a pressure in the

formation is maintained between 2 and 80 bar, preferably

between 5 and 60 bar.
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