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portion of the gas Into steam, electrical power and diluents for subsequent use in the aforementioned In-situ recovery operation
while emitting only controlled amounts of carbon dioxide into the environment.
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(57) Abstract: The present invention, in one configuration, is directed to producing a methane- containing gas from a hydrocarbon
fuel energy source extracted from an in-situ recovery operation, such as a SAGD or HAGD operation, and subsequently converting at
least a portion of the gas into steam, electrical power and diluents for subsequent use in the aforementioned in-situ recovery operation
while emitting only controlled amounts of carbon dioxide into the environment.
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METHOD OF REMOVING CARBON DIOXIDE EMISSIONS FROM
IN-SITU RECOVERY OF BITUMEN AND HEAVY OIL

FIELD OF THE INVENTION
The present invention relates generally to a method and means of providing high
quality synthetic natural gas ("NG") fuel, electrical power and diluents to an in-situ
recovery operation such as for example SAGD or HAGD using a hydrocarbon fuel
energy source but emitting no significant carbon dioxide during the hydrocarbon

recovery operation.

BACKGROUND OF THE INVENTION

Oi1l is a nonrenewable natural resource having great importance to the
industrialized world. The increased demand for and decreasing supplies of conventional
oil has led to the development of alternate sources of oil such as deposits of bitumen
and heavy crude as well as a search for more efficient methods for recovering and
processing hydrocarbons extracted from such deposits.

There are substantial deposits of oil sands in the world, with particularly large
deposits in Canada and Venezuela. For example, the Athabasca oil sands region of the

Western Canadian Sedimentary Basin contains an estimated 1.3 trillion barrels of

potentially recoverable bitumen. An equally large deposit of bitumen may be found in
the Carbonates of Alberta. There are lesser, but significant deposits, found in the U.S.
and other countries. These oil sands and carbonate reservoirs contain a petroleum
substance called bitumen or heavy oil. Bitumen deposits cannot be economically
exploited by traditional oil well technology because the bitumen or heavy oil is too

viscous to flow at natural reservoir temperatures.

-1-
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When oil sand deposits are near the surface, they can be economically recovered by
surface mining methods. The current principal method of bitumen recovery, for example,
in the Alberta oil sands is by conventional surface mining of shallower deposits using large
power shovels and trucks to feed a nearby slurry conversion facility which 1s connected to
a primary bitumen extraction facility by a long hydrotransport haulage system. The
bitumen is finally taken to an upgrader facility where it is refined and converted into crude
o1l and other petroleum products.

When oil sand deposits are too far below the surface for economic recovery by
surface mining, bitumen can be economically recovered in many, but not all, areas by
recently developed in-situ recovery methods, such as Steam Assisted Gravity Drain
(“SAGD”), VAPEX, and other variants of gravity drainage technology to mobilize the
bitumen or heavy oil. The principal method currently being implemented on a large scale
is SAGD. Typically, SAGD wells, or well pairs, are drilled from the earth’s surface down
to the bottom of the o1l sand deposit and then horizontally along the bottom of the deposit.
The wells inject steam to reduce the viscosity of bitumen. The wells then collect the
mobilized bitumen.

Heat Assisted Gravity Drain (“HAGD?”) 1s a relatively new process for mobilizing
bitumen in the Alberta o1l sands and in carbonates. Electric heater elements are embedded
in the reservoir material and used, in place of steam, to heat the formation until the
bitumen becomes fluid enough to flow by gravity drain. HAGD may require more energy
than SAGD but may be used in reservoirs where SAGD cannot - such as, for example,
reservoirs with poor steam caps. HAGD and SAGD may also be used 1in combination,
where HAGD elements are used to melt the bitumen around the steam injectors, thereby
allowing the steam chamber to form more quickly. Solvents such as carbon dioxide and
paraffins and/or olefins may also be used to help mobilize the bitumen or heavy o1l such as
for example in SAGD/HAGD and other solvent recovery operations or combinations
thereof.

Because of global warming concerns, this potential for substantially increasing

carbon dioxide emissions may outweigh the advantages of the enormous reserves of

unconventional hydrocarbon deposits available.
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Even the most efficient SAGD or HAGD operation requires substantial amounts of
energy to deliver the required amount of steam or heat to the reservoir to mobilize the
bitumen. If this energy is obtained by burning fossil fuels, there is the potential to generate
significant amounts of carbon dioxide emissions during recovery operations. The thermal
energy required to mobilize bitumen can be quantified by a Steam-QOil-Ratio (“SOR”),
which is determined by the number of barrels of water required to produce the steam
divided by the number of barrels of oil or bitumen recovered. In a SAGD operation having
an average SOR of 3, the energy required to produce high quality steam to recover 1 barrel
of heavy oil or bitumen oil is equivalent to about % of a barrel of oil. Thus, o1l produced
by thermal recovery methods have the potential to generate 25% or more carbon dioxide
emissions than oil recovered by pumping from conventional oil wells.

In addition, the upgrading process when carried out underground, such as described
for example in US 7,066,254 or at a surface refinery can generate additional carbon
dioxide and other unwanted emissions.

There has been much effort to utilize all the on-site water and energy potential
derived from a SAGD operation to increase the overall efficiency of the operation and to
prepare the produced bitumen or heavy oil for pipeline transmission over existing pipeline
networks.

There remains, therefore, a need for a method to eliminate carbon dioxide
emissions generated during thermal recovery operations of unconventional oil such as
heavy oils and bitumen. Further, there is a need to utilize any number of readily available

fossil fuels to power thermal recovery operations while substantially reducing or
eliminating carbon dioxide emissions.
SUMMARY

These and other needs are addressed by the present invention. The various
embodiments and configurations of the present invention are directed generally to a
process for using any number of readily available hydrocarbon fuels such as coal, bitumen,
petroleum coke (“pet coke”), peat, kerogen, asphaltenes and the like, to generate a
methane-containing gas, such as natural gas. The gas, in turn, can be used as a fuel source
to generate steam, electrical power and/or diluents for in-situ recovery of heavy oil or

bitumen. These processes can be designed to capture and sequester the preponderance of
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the carbon dioxide emissions from the various chemical and combustion processes within
the overall processes. This substantial reduction or elimination of carbon dioxide
emissions to the atmosphere can be important since it allows heavy oil or bitumen to be
recovered by any in-situ method while not adding to fossil carbon dioxide emissions. This
can allow the production of refined oil from the huge reserves of unconventional oil
sources, such as heavy oil and bitumen from oil sands and carbonates, without adding
additional carbon dioxide emissions.

The production of methane from any number of readily available fossil fuels can be
a stand-alone process for generating natural gas and electrical power without atmospheric
carbon dioxide emissions. A method is disclosed herein to produce methane for use in any
number of applications, especially for generating steam and electrical power for SAGD
and/or HAGD operations. The process includes provisions for controlling and
sequestering most of the carbon dioxide generated during the process.

The use of methane to generate power for thermal recovery of heavy oil or bitumen
can be a stand alone process for SAGD and/or HAGD operations without high
atmospheric carbon dioxide emissions. Two embodiments of the processes using methane
as a fuel source are disclosed. In the first, hydrogen is the fuel produced and used to
generate steam and electrical power. In the second, ammonia 1s the fuel produced and
used to generate steam and electrical power. The second embodiment also results in the
production of diluents which can be used in SAGD, HAGD or other in-situ recovery
operations for various purposes. Steam generation from waste heat and from reforming 1s
salvaged and integrated into SAGD/HAGD processes.

Finally, the processes can be combined such that readily available, alternate fossil
fuels such as coal, bitumen, pet coke can be used to produce methane, which, in turn, can
be used to power SAGD, HAGD, solvent and other in-situ recovery operations without
high atmospheric carbon dioxide emissions and to make paraffin and/or olefin diluents that
can be added to the recovered bitumen to allow it to flow, for example, in pipelines.

The ability to use hydrocarbon fuels such as natural gas, syngas, coal, peat,
kerogen, bitumen, pet coke or asphaltenes to recover heavy oil or bitumen reserves without
significant atmospheric carbon dioxide emissions opens up the possibility of producing

refined petroleum products, such as diesel, gasoline etc., on a roughly equal emissions
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footing with refined petroleum products originating from conventional light o1l reservoirs.
The use of these alternate fuel sources serve to improve the economic viability of SAGD,
HAGD, solvent and other in-situ recovery operations.

The following definitions are used herein:

“A” or “an” entity refers to one or more of that entity. As such, the terms “a” (or
“an”), “one or more” and “at least one” can be used interchangeably herein. It is also to be
noted that the terms “comprising”, “including”, and “having” can be used interchangeably.

“At least one”, “one or more”, and “and/or” are open-ended expressions that are
both conjunctive and disjunctive in operation. For example, each of the expressions “at
least one of A, B and C”, “at least one of A, B, or C”, “one or more of A, B, and C”, one
or more of A, B, or C” and “A, B, and/or C” means A alone, B alone, C alone, A and B
together, A and C together, B and C together, or A, B and C together.

Asphaltenes are molecular substances found in crude oil, along with resins,
aromatic hydrocarbons, and alkanes. Asphaltenes consist primarily of carbon, hydrogen,
nitrogen, oxygen, and sulfur, as well as trace amounts of vanadium and nickel. The C:H
ratio is approximately 1:1.2, depending on the asphaltene source. Asphaltenes are defined
operationally as the n-heptane insoluble, toluene soluble component of a carbonaceous
material such as crude oil, bitumen or coal.

Coal is a fossil fuel formed from plant remains by oxidization and biodegradation,
thus sequestering atmospheric carbon. Coal is a combustible black or brownish-black rock.
It is composed primarily of carbon and hydrogen along with small quantities ot other
elements, notably sulfur. Coal is extracted from the ground by either underground or
surface coal mining.

A combined cycle gas turbine (CCGT) 1s a gas turbine generator that generates
electricity, wherein the waste heat is used to make steam to generate additional electricity
via a steam turbine. This last step enhances the efficiency of electricity generation.

The Fluid Catalytic Cracking process or FCC produces a high yield of gasoline
and Liquid Petroleum Gas or LPG. As will be appreciated, hydrocracking 1s a major
source of jet fuel, diesel, naphtha and LPG. Thermal cracking is currently used to upgrade

very heavy fractions, or to produce light fractions or distillates, burner fuel and/or

petroleum coke. Two extremes of the thermal cracking in terms of product range are
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represented by the high-temperature process called steam cracking or pyrolysis (ca. 750 to
900 °C or more) which produces valuable ethylene and other feed stocks for the
petrochemical industry, and the milder-temperature delayed coking (ca. 500 °C) which can
produce, under the right conditions, valuable needle coke, a highly crystalline petroleum
coke used in the production of electrodes for the steel and aluminum industries.

A Heat Recovery Steam Generator or HRSG is a heat exchanger that recovers heat
from a hot gas stream. It produces steam that can be used in a process or used to drive a
steam turbine. A common application for an HRSG is in a combined-cycle power station,
where hot exhaust from a gas turbine is fed to an HRSG to generate steam which 1n turn
drives a steam turbine. This combination produces électricity more efficiently than either
the gas turbine or steam turbine alone. The HRSG is also an important component in
cogeneration plants. Cogeneration plants typically have a higher overall etficiency 1n
comparison to a combined cycle plant. This is due to the loss of energy associated with the
steam turbine.

A mobilized hydrocarbon is a hydrocarbon that has been made flowable by some
means. For example, some heavy oils and bitumen may be mobilized by heating them or
mixing them with a diluent to reduce their viscosities and allow them to flow under the
prevailing drive pressure. Most liquid hydrocarbons may be mobilized by increasing the
drive pressure on them, for example by water or gas floods, so that they can overcome
interfacial and/or surface tensions and begin to flow.

An olefin diluent is diluent made from any of a series of unsaturated open-chain
hydrocarbons corresponding in composition to the general formula C H,,.

A paraffin is a saturated hydrocarbon with the general formula C H,,,,. For n<5
(methane, ethane, propane and butane), the paraffins are gaseous at normal temperatures
and pressures. For n =5 or greater, the paraffins are liquid or solid at normal temperatures
and pressures. Paraffins are often called alkanes.

Peat is an accumulation of partially decayed vegetation matter and forms in
wetlands or peatlands. Peat is composed mainly of marshland vegetation as well as other

types of organic remains. Most modern peat bogs formed in high latitudes after the retreat

of the glaciers at the end of the last ice age.
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Petroleum coke or pet coke is a fuel produced using the byproducts of the
petroleum refining process. When crude oil is refined to produce gasoline and other
products, a residue is left over from this process that can be further refined by “coking” it
at high temperatures and under great pressure. The resulting product is pet coke, a hard
substance that is similar to coal. Pet coke has a higher heating value than coal, at around
14,000 Btu per pound, compared with 12,500 Btu per pound for coal.

Primary production or recovery 1s the first stage of hydrocarbon production, in
which natural reservoir energy, such as gasdrive, waterdrive or gravity drainage, displaces
hydrocarbons from the reservoir, into the wellbore and up to surface. Production using an
artificial lift system, such as a rod pump, an electrical submersible pump or a gas-lift
installation is considered primary recovery. Secondary production or recovery methods
frequently involve an artificial-lift system and/or reservoir injection for pressure
maintenance. The purpose of secondary recovery is to maintain reservoir pressure and to
displace hydrocarbons toward the wellbore. Tertiary production or recovery 1s the third
stage of hydrocarbon production during which sophisticated techniques that alter the
original properties of the oil are used. Enhanced oil recovery can begin after a secondary
recovery process or at any time during the productive life of an oil reservoir. Its purpose 1s
not only to restore formation pressure, but also to improve oil displacement or fluid flow
in the reservoir. The three major types of enhanced oil recovery operations are chemical
flooding, miscible displacement and thermal recovery.

It is also understood that a reference to oil herein is intended to include low API
hydrocarbons such as bitumen (API less than ~10°) and heavy crude oils (API from ~10° to
~20°) as well as higher API hydrocarbons such as medium crude oils (API from ~20° to
~35°) and light crude oils (API higher than ~35°).

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a schematic of a flow process for using a fossil fuel to produce natural

gas.

Figure 2 is a schematic of a flow process for using natural gas to generate power

for a thermal recovery operation.

Figure 3 1s a schematic of a flow process for using natural gas to generate power

and diluents for a thermal recovery operation.
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DETAILED DESCRIPTION

There are several methods to recover bitumen or heavy oil from an oil sands
deposit. It is understood that a reference to bitumen hereafter is intended to include heavy
oil. These are:

] SAGD which uses steam to mobilize the bitumen and produces a mixture of hot
bitumen and substantial water;

[] HAGD which uses heat to mobilize the bitumen and produces a mixture of hot
bitumen and some water;

[] VAPEX and other solvent-based methods which uses a diluent to mobilize the
bitumen and produces a mixture of cold bitumen, diluent and some water

[] mechanically excavating which is a mining process typically producing an o1l sand
slurry. There are known processes to de-sand the slurry to produce a mixture of
cold bitumen, and water; and

[] hydraulic mining which uses pressurized water to fragment the o1l sand and
produces an oil sand slurry. There are known processes to de-sand the slurry to
produce a mixture of cold bitumen, and substantial water.

In any of the above recovery processes, a mixture of bitumen, water and gases 1s
recovered and can be further processed by the process of the present invention. All of the
above processes can be carried out in-situ. Hydraulic mining, for example, can be
accomplished in-situ from wells installed 1n the reservoir as described in US Patent
Appliéation 11/944,013 entitled “Recovery of Bitumen by Hydraulic Excavation”, filed
21-Nov-07.

To 1llustrate the process of the present invention, an example of a relatively large
SAGD or HAGD operation is used for illustration. As can be appreciated, the process of
the present invention can be applied to all the above methods of bitumen recovery. Only
the relative amounts of water produced and the requirements for a mobilizing agent (such
as steam for SAGD or diluent for VAPEX) are different.

Hydrocarbon Fuels Used to Make Methane

Figure 1 is a schematic of a flow process for using a readily available fuels such as
coal, bitumen, pet coke, peat, and the like, to generate natural gas for use as a power

source and to produce olefin and/or paraffin liquids for use as diluents in the production
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and transportation of bitumen (o1l sands), kerogen (oil shale), heavy o1l, and other fossil
fuel sources. This can be a stand-alone process for generating natural gas and electrical
power. Alternately, this process can be the first stage in a combined process to generate
natural gas from any of a number of other hydrocarbon fuels and then use the natural gas
to operate a SAGD or HAGD or combined SAGD/HAGD or other in-situ recovery
operation such as described below in Figures 2 and 3. In all the processes described
herein, the carbon dioxide generated may be sequestered underground and/or used for
enhanced oil recovery (“EOR”) purposes.

It is understood that hydrocarbon fuels as used below refer to fossil fuels such as
coal, bitumen, pet coke, and the like as well as to fuels, such as for example peat, which is
not strictly a fossil fuel but has been buried for only hundreds or thousands of years.
Hydrocarbon fuels as used below also refer to other fuels such as asphaltenes which may
be generated as part of an upgrading process.

In Figure 1, a hydrocarbon fuel source 101, such as coal, pet coke, peat, or
bitumen, is delivered via path 112 to a facility where it 1s converted to a slurry in apparatus
102. In addition to the hydrocarbon fuel source 101, water 104 is input to the slurry
apparatus 102 and a hydrocarbon fuel slurry 105 is the output. An oxygen plant 109
delivers oxygen via path 110 to a gasifier apparatus 111. Fuel slurry is pumped via
apparatus 106 into the first stage of gasifier 111 in via path 108 and into the second stage
of gasifier 111 wvia path 107.

The gasification process produces a residual slag and a synthesized gas (“syngas™).
The residual slag includes byproduct metals, such as nickel, vanadium and other trace
metals, and the syngas various gas components, such as methane, ethane, propane, butane,
pentane, carbon dioxide, carbon monoxide, molecular hydrogen, water vapor, and
hydrogen sulfide. The predominant materials in the residual slag are carbon, nickel,
vanadium with other residuals depending on the composition of the feed material. A
typical syngas includes from about 10 to about 30 mole percent methane, from about 5 to
about 10 mole percent hydrocarbons other than methane, from about 20 to about 50 mole
percent molecular hydrogen, and from about 20 to about 50 mole percent carbon oxides
(both carbon dioxide and monoxide), with the remainder being other components, such as

hydrogen sulfide, sulphur dioxide, water vapor, and carbonil. As will be appreciated,
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gasification may be performed by any suitable technique. The products of gasification are
dependent on the composition of the fuel source and the operating parameters of the
gasifier.

When quenched by water, the slag is then sent via path 113 to, for example, a truck
118 and may be sold as a by-product 119 for metals recovery, for example.

The syngas is sent via path 116 to a syngas cooler apparatus 117, such as a heat
exchanger, in which the syngas is in thermal contact or engagement with a water stream.
The syngas cooler 117 transfers thermal energy from the syngas to the water, thereby
generating steam, which is sent via path 130 and used to power a steam turbine 131. The
steam turbine 131, in turn, provides power via path 155 to a generator 132 which provides
electrical energy via path 156 that may be used to power on-site thermal recovery
operations 133, other thermal recovery facilities 133 for consumption or sold to a power
grid via transmission lines 134. Steam from syngas cooler 117 is also sent via path 141 to
a fuel gas pre-heat apparatus 142 and via path 143 to methanation reactors 144 to
concentrate carbon oxides and hydrogen into methane.

The syngas cooled in apparatus 117 is sent via path 114 to a filter apparatus 120 or
other suitable unit to remove at least most of the particulate matter. The particulate matter
is returned via path 150 to the first stage of the gasifier 111 for disposal.

The filtered syngas is then transferred via path 121 to a sulfur removal apparatus
122 to produce a treated synthesized gas containing at least most of the hydrocarbons and
carbon oxides in the syngas and a waste gas comprising at least most of the sulfur
compounds in the syngas. The sulfur compounds outputted by the apparatus 122 as the
waste gas is sent via path 159 to a liquid sulfur storage tank 124, where 1t can be sold as a
refined sulphur product, or sent via path 151 to be sequestered in an appropriate deep
saline aquifer 147 or, optionally, used as a part of an EOR scheme. De-sulfurization may
be realized by any suitable techniques.

The de-sulfurized or treated syngas is transferred from apparatus 122 via path 123
to a Fischer-Tropsch (“FT) liquid reactor or other liquification process 125. In the
liquification reactor 125, at least most of the methane and ethane in the treated syngas are
converted into natural gas liquids (“NGL”), such as propane C;Hg, n-butane C,H,, and
n-pentane C:H,,. The NGLs can be sold as by-products 126 or used as diluents for
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transporting recovered and cleaned bitumen from a SAGD or HAGD thermal recovery
operation to a refinery. Other processes such as synthetic natural gas to methanol and
methanol to olefins may be used in licu of the FT process.

The remaining gaseous fuels from the FT reactor 125 (primarily methane, carbon
dioxide, ethane and hydrogen) are transferred via path 161 to a fuel gas pre-heat apparatus
142 where a portion of the steam generated in syngas cooler apparatus 117 1s added via
path 141. The resultant gas is then transferred via path 152 to one or more methanation
reactors 144 where additional steam generated 1n syngas cooler apparatus 117 1s added via
path 143. The methanation product gas, or output of the methanation reactors 144,
includes, as gas components, primarily methane and carbon dioxide. Although
methanation 1s discussed as an example, other techniques for converting hydrocarbons and
carbon oxides into methane are also considered.

The product gas is transferred via path 153 to a carbon dioxide removal and
recovery apparatus 145, which forms an output gas including at least most of the
hydrocarbons in the product gas and a second waste gas including at least most of the
carbon oxides in the product gas. Carbon oxide removal may be accomplished by any
suitable techniques, such as, for example, alcohol-based absorbent techniques. The
recovered carbon dioxide in the second waste gas is then injected via path 154 into an
underground reservoir 147 for sequestration. The underground reservoir 147 may be a
producing reservoir, an overlying gas cap, a geologic formation not connected with the
producing reservoir, or the like. Once sequestered, the CO, may be used for enhanced o1l
recovery (“EOR”) operations. As can be appreciated, the CO, can be delivered directly to
EOR operations from the carbon dioxide capture apparatus 145. As noted previously, the
technology for CO, 1njection and EOR are proven processes.

The high quality methane (about 99% or higher pure methane) in the output gas
produced by the carbon dioxide removal and recovery apparatus 145 1s then available to be
sold or transported to a pipeline 146 or used as a primary fuel for thermal recovery
operations such as the process described, for example, in Figures 2 and 3.

Natural Gas to Make Molecular Hydrogen

Figure 2 shows a schematic flow process for using natural gas to generate hydrogen

fuel, or a mixture of natural gas and hydrogen, which, in turn, is used to generate electrical
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power and steam for a thermally assisted recovery operation. In one configuration, the
process uses catalytic reformer technology and gasification to generate hydrogen fuel and
capture carbon dioxide. This process preferably sequesters at least most, and more
preferably almost all, of the carbon dioxide emissions from the various combustion sub-
processes. This process can allow heavy oil or bitumen to be recovered by any thermal
recovery method while not adding to the fossil carbon dioxide emissions. In other words,
it can allow refined o1l to be produced from unconventional o1l sources, such as bitumen
from o1l sands, without an extra carbon dioxide emissions burden.

A feed gas 210, which is preferably natural gas comprised primarily of methane
(CH,), is supplied as the primary fuel for the process shown in Figure 2. The feed gas 210
may be supplied by a natural gas pipeline or it may be obtained by another process such as
for example that described in Figure 1. In one configuration, the feed gas 210 is the
synthesized gas 116, filtered syngas 121, or treated syngas 123 of Fig. 1. The process of

the present invention preferably inputs natural gas in the range of about 10 million to about

- 200 million standard cubic feet per day (~10 million to ~200 million scfd). This capacity

is normally sufficient for a SAGD or HAGD operation outputting approximately 10,000 to
200,000 barrels per day of heavy oil or bitumen.

The feed gas 210 1s processed by a catalytic reformer apparatus 202, which
requires a supply of steam and air 203. The catalytic reformer apparatus 202 uses well-
known reforming technology for manufacturing syngas from methane (CH,). As will be
appreciated, the methane can be converted into molecular hydrogen and carbon oxides
using other techniques. The output of the catalytic reformer 202 1s an output stream 204,
comprising from about 30 to about 80 mole percent molecular hydrogen (H,) and from
about 20 to about 70 mole percent carbon monoxide (CO).

The output stream 204, in turn, 1s delivered to a shift conversion apparatus 205
which requires a supply of steam and water 206. The shift conversion apparatus 205 uses
well-known shift reaction technology to generate H, and CO, . As will be appreciated, the
methane can be converted into molecular hydrogen and carbon oxides using other
techniques.

The output gas 207 of the shift conversion apparatus 205 1s a gas stream primarily
containing hydrogen and carbon dioxide (CO,). The gas 207, in turn, is delivered to a
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carbon dioxide capture apparatus 208. The carbon dioxide capture apparatus 208 uses
well-known Amine/Rectisol/Selexsol capture technology or other known techniques to
capture and remove at least most of the CO, 1n the output gas 207 1n a waste gas 213 and
form a treated gas stream 209 containing at least most of the methane and other
hydrocarbons in the output gas 207.

Once the CO, 1s captured, 1t 1s sent via a first pipeline 213 to an underground
reservolr 214 for sequestration. The underground reservoir 214 may be a producing
reservoir, an overlying gas cap, a geologic formation not connected with the producing
reservoir, or the like. Once sequestered, the CO, may be delivered by a second pipeline
215 and used for enhanced o1l recovery (“EOR”) operations 216. As can be appreciated,
the CO, can be delivered directly to an EOR operation from the carbon dioxide capture
apparatus 208. The technology for CO, 1njection and EOR are proven processes.

A portion 217 of the treated gas stream 209 from the shift conversion apparatus
205 1s transferred by path or a third pipeline 217 to a combined cycle gas turbine
(“CCGT”) 218. As can be appreciated, the manufactured hydrogen can be mixed with the
methane to augment 1ts energy content. The hydrogen-fired combined cycle gas turbine is
proven technology that can be provided by vendors such as General Electric. The CCGT
218 provides power to an electrical generator 224 which generates electrical power which
1s delivered via path 220 to electrical transmission lines 221 where it may be sold to the
grid. A portion of the electrical energy may be returned via path 223 to provide power for
the CCGT 218. The electrical energy produced by generator 224 may be used to power
other thermal recovery tacilities via path 222 such as, for example, Heat Assisted Gravity
Drain (“"HAGD?) heaters.

The remaining treated gas stream 209 1s sent via path or other pipelines 209 and
211 to one or more steam generating boilers 210. The steam generated by boilers 210 may
be piped underground to reservoir 214 via path 212 and used for Steam Assisted Gravity
Drain (“SAGD?”) recovery operations. Waste heat from the catalytic reformer, shift reactor
and heat recovery steam generators on the gas turbines can be used for SAGD/HAGD

steam and energy augmentation.

The process described in Figure 2 illustrates a method of using natural gas to

operate a SAGD or HAGD or combined SAGD/HAGD thermal recovery operation
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without releasing significant amounts of carbon dioxide into the atmosphere. The process
includes sequestering the carbon dioxide underground and, optionally, using a portion or
all of the carbon dioxide for EOR purposes.

While the process of Figure 1 may be used to convert fossil fuels such as coal,
bitumen, pet coke, peat, and the like to methane 1s a stand alone process, it 1s clear that the
methane can then be used in a process such as that of Figure 2 to generate steam for a
thermal process to recover heavy oil or bitumen. Since most, if not all, of the carbon
dioxide from both the process of Figure 1 and the process of Figure 2 1s sequestered, no
significant amounts of carbon dioxide are commonly released to the atmosphere.

Either the process of Figure 2 or the combination of the processes of Figure 1 and
Figure 2 thus can solve a major problem confronting the production of refined oil from the
vast sources of unconventional o1l such as heavy oil or bitumen. That problem is the
generation of substantial amounts of carbon dioxide released to the atmosphere from the
recovery operations alone. For example, the energy equivalent of ¥4 to up to %2 a barrel of
oil 1s required to recover a barrel of o1l from these unconventional sources by thermal
means. When that energy required for recovery produces carbon dioxide, a barrel of
refined o1l from these sources can be seen to release up to 50% more carbon dioxide to the
atmosphere. However, if the processes described herein are used, then this additional
release of carbon dioxide is avoided.

Either or both of the processes described herein allow the use of alternate

hydrocarbon fuels for in-situ recovery of heavy oil and bitumen without adding additional

carbon dioxide emissions to the atmosphere.
Natural Gas to Make Ammonia and/or Methanol
Figure 3 shows a schematic flow process for using natural gas to generate ammonia
fuel, which, 1n turn, 1s used to generate electrical power and steam for a thermal recovery
operations using catalytic reformer technology and gasification to generate ammonia fuel
and capture carbon dioxide. The flow process of Figure 3 also can include producing
methanol which, 1n turn, 1s used to produce olefins such as ethylene, propylene and

butylene. These processes can be designed to sequester almost all of the carbon dioxide
emissions from the various combustion sub-processes. This process can allow heavy o1l or

bitumen to be recovered by any thermal recovery method while not adding to the fossil
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carbon dioxide emissions as it can allow refined oil to be produced from unconventional
o1l sources such as bitumen from o1l sands without an extra carbon dioxide emissions
burden.

A feed gas 301, such as natural gas comprised primarily of methane (CH,), 1s
supplied as the primary fuel for the process shown in Figure 3. The feed gas 301 may be
natural gas supplied by a natural gas pipeline or it may be obtained by another process
such as for example that described in Figure 1. In one configuration, the feed gas 301 1s
the treated syngas 123 from the process of Fig. 1. The process of the present invention 1s
typically designed for an input of natural gas in the range of about 10 million to about 200
million standard cubic feet per day (~10 million to ~200 million scid). This capacity 1s
normally sufficient for a SAGD or HAGD operation outputting approximately 10,000 to
200,000 barrels per day of heavy oil or bitumen. As is well known, other feedstocks may
be used as the primary fuel, including LNGs such as propane and butane.

As a common first step to producing ammonia and methanol, any sulfur
compounds from the feedstock are removed, such as by sulfur removal apparatus 122,
since sulfur deactivates the catalysts used i1n subsequent steps. Catalytic hydrogenation, for
example, converts organo-sulfur compounds 1nto gaseous hydrogen sulfide. The hydrogen
sulfide 1s then removed, for example, by passing the gas through beds of zinc oxide where
it 1s absorbed and converted to solid zinc sulfide.

The feed gas 301 is processed by a catalytic reformer apparatus 302, which
requires a supply of steam and air 303. The catalytic reformer apparatus 302 uses well-
known reforming technology for manufacturing syngas from methane (CH,). The output of
the catalytic reformer 302 1s an output stream 304 comprising typically from about 30 to
about 80 mole percent hydrogen (H,) and from about 60 to about 70 mole percent carbon
oxides (CO and CO,). This stream 304, in turn, is delivered to a shift conversion
apparatus 305, which requires a supply of steam and water 306. The output of the catalytic
reformer 302 may also be delivered directly to a methanol plant 308 via path 327, where 1t
can be used to produce methanol as described below.

Methanol

The hydrogen and carbon monoxide in the output stream 304 can be transterred

directly to a methanol plant 308. The methanol plant 308 uses well-known technology to
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produce methanol. There are two common processes for producing methanol from
hydrogen and carbon monoxide when hydrogen and carbon monoxide are transferred
directly from the catalytic reformer 302 to the methanol plant 308. At moderate pressures
of 1 to 2 MPa and high temperatures (around 850 °C), methane reacts with steam on a
nickel catalyst to produce syngas. This process 1s called steam-methane reforming and 1s
endothermic (recovery of a portion of the exothermic heat can be used to assist in
generating steam for SAGD for example). Methane can also undergo partial oxidation
with molecular oxygen to produce syngas in a reaction that 1s exothermic. The heat given
off can be used in-situ to drive the steam-methane reforming reaction. Carbon monoxide
and hydrogen may then react on a second catalyst to produce methanol. The most widely
used catalyst 1s a mixture of copper, zinc oxide, and alumina. At 5 to 10 MPa and 250 °C,
it can catalyze the production of methanol from carbon monoxide and hydrogen with high
selectivity.

The hydrogen and carbon monoxide from the catalytic reformer 302 may also be
transferred to a shift conversion apparatus 305 uses well-known shift reaction technology
to generate H, and CO, . The output of the shift conversion apparatus 305 1s an output
stream 307 of hydrogen (H,) and carbon dioxide (CO,) . Some of this output may be
delivered via path 307 to a methanol plant 308, where 1t undergoes autothermal reforming.
The ratio of CO and H2 can be adjusted by using the water-gas shift reaction to provide
the appropriate stoichiometry for methanol synthesis.

The methanol-containing product 309 produced in methanol plant 308 is then
transferred via path 309 to a methanol-to-olefins plant 310 where olefins, such as ethylene
C,H, propylene C;H, butylene C,H; and pentylene C;H,, are produced. The olefins may
be used as diluents in bitumen recovery utilizing the VAPEX process; used in preparing
recovered bitumen for pipeline transport; and/or may be sold as a product.

Ammonia

Optionally, the remainder 312 of the hydrogen and carbon dioxide output from
shift conversion apparatus 305 is delivered via path 312 to an ammonia plant 313 where it
1s converted into an ammonia fuel. The carbon dioxide is then removed, for example,
either by absorption in aqueous ethanolamine solutions or by adsorption in pressure swing

adsorbers (PSA) using proprietary solid adsorption media. Other techniques may also be
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employed. A final step in processing the input hydrogen is to use catalytic methanation to
remove any small residual amounts of carbon monoxide or carbon dioxide from the
hydrogen.

To produce the desired end-product ammonia, at least most of the molecular
hydrogen in the remainder 312 is then catalytically reacted with nitrogen (derived from
process air) to form anhydrous liquid ammonia. This step 1s known as the ammonia
synthesis loop and may also be referred to as the Haber-Bosch process.

The steam reforming, shift conversion, carbon dioxide removal and methanation
steps each operate at absolute pressures of about 25 to 35 bar, and the ammonia synthesis
loop operates at absolute pressures ranging from 60 to 180 bar, depending upon which
proprietary design 1s used.

A portion of the ammonia-containing product produced in ammonia plant 313 1s
sent via path or pipeline 330 and 332 to one or more steam generating boilers 331 and 333.
The steam generated by boilers 331 and 333 may be piped underground via path 334 and
used for Steam Assisted Gravity Drain (“SAGD”) recovery operations.

A second portion of the ammonia-containing product produced in ammonia plant
313 1s sent by path or pipeline 314 to a combined cycle gas turbine (“CCGT”) 315. The
ammonia-fired combined cycle gas turbine is proven technology that can be provided by
vendors such as General Electric. The CCGT 315 provides power to an electrical
generator 334 which generates electrical power which 1s delivered via path 330 to
electrical transmission lines 331 where it may be sold to the grid. A portion of the
electrical energy may be returned via path 333 to provide power for the CCGT 318. The
electrical energy produced by generator 334 may be used to power other thermal recovery
facilities via path 332 such as, for example, Heat Assisted Gravity Drain (“"HAGD”)

heaters.

A portion of the ammonia may also be sold as fertilizer to obtain carbon dioxide
offsets through accelerated growth of the fertilized crops.

The CO, captured in the ammonia plant 313 as a waste gas, separate from the
ammonia-containing product, is sent via path 320 to an underground reservoir 324 for
sequestration. The underground reservoir may be a producing reservoir, an overlying gas

cap, a geologic formation not connected with the producing reservoir, or the like. Once
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sequestered, the CO, may be delivered by pipeline 325 and used for enhanced o1l recovery
(“EOR”) operations. As can be appreciated, the CO, can be delivered directly to an EOR
operation from the carbon dioxide capture apparatus. The technology for CO, injection

and EOR are proven processes.

The process described in Figure 3 illustrates a method of using natural gas to
operate a SAGD or HAGD or combined SAGD/HAGD thermal recovery operation
without releasing significant amounts of carbon dioxide into the atmosphere. The process
includes sequestering the carbon dioxide underground and, optionally, using a portion or
all of the carbon dioxide for EOR purposes.

While the process of Figure 1 may be used to convert fossil fuels such as coal,
bitumen, pet coke, peat, and the like to methane is a stand alone process, it 1s clear that the
methane can then be used in a process such as that of Figure 3 to generate steam for a
thermal process to recover heavy oil or bitumen. Since the carbon dioxide from both the
process of Figure 3 and the process of Figure 1 is sequestered, no significant amounts ot
carbon dioxide are released to the atmosphere.

Either the process of Figure 3 or the combination of the processes of Figure 3 and
Figure 1 thus can solve a major problem confronting the production of refined oil from' the
vast sources of unconventional oil such as heavy oil or bitumen. That problem i1s the
generation of substantial amounts of carbon dioxide released to the atmosphere from the
recovery operations alone. For example, the energy equivalent of % to up to 72 a barrel of
oil is required to recover a barrel of oil from these unconventional sources by thermal
means. If that energy required for recovery produces carbon dioxide then a barrel of
refined oil from these sources can be seen to release up to 50% more carbon dioxide to the
atmosphere. However, if the processes described herein are used, then this additional
release of carbon dioxide 1s avoided.

Using the above processes, most of the carbon dioxide produced during extraction
of hydrocarbons by thermal techniques, such as SAGD or HAGD, from subsurtace
deposits and formations can be captured and sequestered in a selected location, such as an
underground formation. In a typical application, at least most, more typically at least

about 75%, and even more typically at least about 90% of the carbon dioxide produced

during extraction of hydrocarbons is captured and sequestered.
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The present invention, in various embodiments, includes components, methods,
processes, systems and/or apparatus substantially as depicted and described herein,

including various embodiments, sub-combinations, and subsets thereof. Those of skill in the
art will understand how to make and use the present invention after understanding the
present disclosure.

The foregoing discussion of the invention has been presented for purposes of
illustration and description. The foregoing is not intended to limit the invention to the form
or forms disclosed herein. In the foregoing Detailed Description for example, various
features of the invention are grouped together in one or more embodiments for the purpose
of streamlining the disclosure. This method of disclosure is not to be interpreted as reflecting

an intention that the claimed invention requires more features than are expressly recited in

each claim.

Moreover though the description of the invention has included description of one or

more embodiments and certain variations and modifications, other variations and
modifications are within the scope of the invention, e.g., as may be within the skill and

knowledge of those in the art, after understanding the present disclosure.
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What is claimed is:

1. A method to provide energy for in-situ recovery of a fossil fuel source comprising:

(a) converting a hydrocarbon fuel into a synthesized gas comprising methane and
other hydrocarbons, molecular hydrogen, sulfur compounds, and carbon oxides;

(b) removing the sulfur compounds from the synthesized gas to form a treated
synthesized gas comprising at least most of the hydrocarbons, the molecular hydrogen,
and the carbon oxides in the synthesized gas and a waste gas comprising at least most of
the sulfur compounds in the synthesized gas;

(c) converting the methane in the treated synthesized gas into molecular hydrogen
and carbon oxides to form a product gas, the product gas comprising the carbon oxides
and the molecular hydrogen;

(d) removing at least most of the carbon oxides from the product gas to form an
output gas comprising at least most of the molecular hydrogen in the product gas and a
second waste gas comprising at least most of the carbon oxides in the product gas; and

(e) combusting at least a portion of the output gas and/or a fuel derived therefrom

to provide energy for in-situ recovery of a fossil fuel source from a subsurface formation.

2. The method of claim 1, wherein steps (a)-(e) are performed on a site positioned above
the subsurface formation and wherein at least most of the carbon oxides are sequestered

in a selected subsurface formation.

3. The method of claim 1 or 2, wherein step (¢) comprises the sub-steps:
(C1) converting, by a catalytic reformer unit, a first portion of the methane into

molecular hydrogen and carbon oxides in an intermediate product gas; and
(C2) converting, by a shift conversion unit, a second portion of the methane into

molecular hydrogen and carbon oxides in the product gas.

4. The method of claim 1, 2 or 3, wherein the hydrocarbon fossil fuel source 1s at least

one of bitumen, kerogen, coal and heavy crude oil and wherein the hydrocarbon fuel is at

least one of peat, bitumen, asphaltene and petroleum coke.
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5. A method to provide energy for in-situ recovery of a fossil fuel source comprising:

(a) converting a hydrocarbon fuel into a synthesized gas comprising methane and
other hydrocarbons, molecular hydrogen, sulfur compounds, and carbon oxides;

(b) removing the sulfur compounds from the synthesized gas to form a treated
synthesized gas comprising at least most of the hydrocarbons, the molecular hydrogen,
and the carbon oxides in the synthesized gas and a first waste gas comprising at least
most of the sulfur compounds in the synthesized gas;

(c) converting the methane in the treated synthesized gas into molecular hydrogen
and carbon oxides to form a product gas, the product gas comprising the carbon oxides
and the molecular hydrogen;

(d) converting a portion of the molecular hydrogen into an output gas comprising
ammonia;

(e) removing at least most of the carbon oxides from the product gas to form a
second waste gas comprising at least most of the carbon oxides in the product gas; and

(f) combusting at least a portion of the output gas and/or a fuel derived therefrom

to provide energy for in-situ recovery of a fossil fuel source from a subsurface formation.

6. The method of claim 5, wherein steps (a)-(f) are performed on a site positioned above
the subsurface formation and wherein at least most of the carbon oxides are sequestered

in a selected subsurface formation.

7. The method of claim 5 or 6, wherein step (¢) comprises the sub-steps:
(c1) converting, by a catalytic reformer unit, a first portion of the methane into

molecular hydrogen and carbon oxides in an intermediate product gas; and

(c2) converting, by a shift conversion unit, a second portion of the methane into

molecular hydrogen and carbon oxides in the product gas.
8. The method of claim 5, 6 or 7, wherein the fossil fuel source is at least one of bitumen,

kerogen, coal and heavy crude oil and wherein the hydrocarbon fuel is at least one of

peat, bitumen, asphaltene and petroleum coke.
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9. The method of claim 3, 6 or 7, wherein the fossil fuel source is bitumen or heavy oil

and further comprising:

(g) converting at least a portion of the molecular hydrogen in the product gas into
methanol; and

(h) converting at least most of the methanol into olefins, wherein the olefins are
used as diluents in bitumen recovery

(i) utilizing a portion of the carbon dioxide and converting at least most of the
methanol into olefins, wherein the olefins and carbon dioxide are used as diluents In

heavy oil recovery.

10. A method to provide olefins used in bitumen recovery comprising:

(a) converting a hydrocarbon fuel into a synthesized gas comprising methane and
other hydrocarbons, molecular hydrogen, sulfur compounds, and carbon oxides;

(b) removing the sulfur compounds from the synthesized gas to form a treated
synthesized gas comprising at least most of the hydrocarbons, the molecular hydrogen,
and the carbon oxides in the synthesized gas and a first waste gas comprising at least
most of the sulfur compounds in the synthesized gas;

(c) converting the methane in the treated synthesized gas into molecular hydrogen
and carbon oxides to form a product gas, the product gas comprising the carbon oxides
and the molecular hydrogen;

(d) converting at least a portion of the molecular hydrogen in the product gas into
methanol; and

(e) converting at least most of the methanol into olefins, wherein the olefins are

used as diluents in bitumen recovery.

11. The method of claim 10, further comprising:

(f) converting a portion of the molecular hydrogen into an output gas comprising
predominantly ammonia,

(g) removing at least most of the carbon oxides from the product gas to form a
second waste gas comprising at least most of the carbon oxides in the product gas; and

(h) combusting at least a portion of the output gas and/or a fuel derived therefrom
to provide energy for thermally assisted recovery of a fossil fuel source from a

subsurface formation.
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12. The method of claim 10 or 11, wherein steps (a)-(h) are performed on a site
positioned above the subsurface formation and wherein at least most of the carbon oxides

are sequestered in a selected subsurface formation.

13. The method of claim 10, 11 or 12, wherein step (c) comprises the sub-steps:

(C1) converting, by a catalytic reformer unit, a first portion of the methane into
molecular hydrogen and carbon oxides in an intermediate product gas; and

(C2) converting, by a shift conversion unit, a second portion of the methane into

molecular hydrogen and carbon oxides in the product gas.

14. The method of any one of claims 10 to 13, wherein the fossil fuel source is at ieast
one of bitumen, kerogen, coal and heavy crude oil and wherein the hydrocarbon fuel 1s at

least one of peat, bitumen, asphaltene and petroleum coke.

15. A method of selling electric power, diluents and methane comprising:

(a) converting bitumen or heavy oil into a synthesized gas comprising methane
and other hydrocarbons, molecular hydrogen, sulfur compounds, and carbon oxides;

(b) removing the sulfur compounds from the synthesized gas to form a treated
synthesized gas comprising at least most of the hydrocarbons, the molecular hydrogen,
and the carbon oxides in the synthesized gas and a first waste gas comprising at least
most of the sulfur compounds in the synthesized gas; \

(c) converting a portion of the methane in the treated synthesized gas into
molecular hydrogen and carbon oxides to form product gases, the product gases
comprising the methane, the molecular hydrogen and the carbon oxides;

(d) converting at least a portion of the molecular hydrogen in the product gas into
methanol;

(e) converting at least most of the methanol into olefins, wherein the olefins are
in the form of diluents;

(f) combusting a portion of at least one of methane and molecular hydrogen to
generate electrical power;

(g) converting the carbon oxides to form a second waste gas, the second waste
gas comprising the carbon oxides and wherein at least most of the carbon oxides are
sequestered in a selected subsurface formation; and

(h) selling the electrical power, the diluents and the methane as products wherein

most of the carbon from producing these products has been removed.
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