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(57) ABSTRACT

A method for producing alkylated hydrocarbons is disclosed.
Formation fluid is produced from a subsurface in situ heat
treatment process. The formation fluid is separated to produce
a liquid stream and a first gas stream. The first gas stream
includes olefins. The liquid stream is fractionated to produce
at least a second gas stream including hydrocarbons having a
carbon number of at least 3. The first gas stream and the
second gas stream are introduced into an alkylation unit to
produce alkylated hydrocarbons. At least a portion of the
olefins in the first gas stream enhance alkylation. The alky-
lated hydrocarbons may be blended with one or more com-
ponents to produce transportation fuel.
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METHODS OF PRODUCING ALKYLATED
HYDROCARBONS FROM AN IN SITU HEAT
TREATMENT PROCESS LIQUID

PRIORITY CLAIM

[0001] This patent application is a divisional application of
U.S. patent application Ser. No. 11/584,817 entitled “METH-
ODS OF PRODUCING ALKYLATED HYDROCARBONS
FROM AN IN SITU HEAT TREATMENT PROCESS LIQ-
UID” filed on Oct. 20, 2006, which claims priority to U.S.
Provisional Patent No. 60/729,763 entitled “SYSTEMS AND
PROCESSES FOR USE IN TREATING SUBSURFACE
FORMATIONS” to Vinegar et al. filed on Oct. 24, 2005; and
to U.S. Provisional Patent No. 60/794,298 entitled “SYS-
TEMS AND PROCESSES FOR USE IN TREATING SUB-
SURFACE FORMATIONS” to Vinegar et al. filed on Apr. 21,
2006.

RELATED PATENTS

[0002] This patent application incorporates by reference in
its entirety each of U.S. Pat. Nos. 6,688,387 to Wellington et
al.; 6,991,036 to Sumnu-Dindoruk et al.; 6,698,515 to
Karanikas et al.; 6,880,633 to Wellington et al.; 6,782,947 to
de Rouffignac et al; 6,991,045 to Vinegar et al.; 7,073,578 to
Vinegar et al.; and 7,121,342 to Vinegar et al. This patent
application incorporates by reference in its entirety U.S.
Patent Application Publication 2005-0269313 to Vinegar et
al. This patent application incorporates by reference in its
entirety U.S. patent application Ser. No. 11/409,558 to Vin-
egar et al.

GOVERNMENT INTEREST

[0003] The Government has certain rights in this invention
pursuant to Agreement No. ERD-05-2516 between UT-Bat-
telle, LLC, operating under prime contract No. DE-ACOS-
000R22725 for the US Department of Energy and Shell
Exploration and Production Company.

BACKGROUND
[0004] 1. Field of the Invention
[0005] The present invention relates generally to methods

and systems for production of hydrocarbons, hydrogen, and/
or other products from various subsurface formations such as
hydrocarbon containing formations. Certain embodiments
relate to producing alkylated hydrocarbons from the hydro-
carbons produced from the subsurface formations.

[0006] 2. Description of Related Art

[0007] Hydrocarbons obtained from subterranean forma-
tions are often used as energy resources, as feedstocks, and as
consumer products. Concerns over depletion of available
hydrocarbon resources and concerns over declining overall
quality of produced hydrocarbons 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 hydrocar-
bon material in a subterranean formation may need to be
changed to allow hydrocarbon material to be more easily
removed from the subterranean formation. The chemical and
physical changes may include in situ reactions that produce
removable fluids, composition changes, solubility changes,
density changes, phase changes, and/or viscosity changes of
the hydrocarbon material in the formation. A fluid may be, but
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is not limited to, a gas, a liquid, an emulsion, a slurry, and/or
a stream of solid particles that has flow characteristics similar
to liquid flow.

[0008] A wellbore may be formed in a formation. In some
embodiments wellbores may be formed using reverse circu-
lation drilling methods. Reverse circulation methods are sug-
gested, for example, in published U.S. Patent Application
Publication No. 2004-0079553 to Livingstone, and U.S. Pat.
Nos. 6,854,534 to Livingstone; 6,892,829 to Livingstone,
7,090,018 to Livingstone; and 4,823,890 to Lang, the disclo-
sures of which are incorporated herein by reference. Reverse
circulation methods generally involve circulating a drilling
fluid to a drilling bit through an annulus between concentric
tubulars to the borehole in the vicinity of the drill bit, and then
through openings in the drill bit and to the surface through the
center of the concentric tubulars, with cuttings from the drill-
ing being carried to the surface with the drilling fluid rising
through the center tubular. A wiper or shroud may be provided
above the drill bit and above a point where the drilling fluid
exits the annulus to prevent the drilling fluid from mixing with
formation fluids. The drilling fluids may be, but is not limited
to, air, water, brines and/or conventional drilling fluids.
[0009] Insomeembodiments, acasing or other pipe system
may be placed or formed in a wellbore. U.S. Pat. No. 4,572,
299 issued to Van Egmond et al., which is incorporated by
reference as if fully set forth herein, describes spooling an
electric heater into a well. In some embodiments, components
of'a piping system may be welded together. Quality of formed
wells may be monitored by various techniques. In some
embodiments, quality of welds may be inspected by a hybrid
electromagnetic acoustic transmission technique known as
EMAT. EMAT is described in U.S. Pat. Nos. 5,652,389 to
Schaps et al.; 5,760,307 to Latimer et al.; 5,777,229 to Geier
etal.;and 6,155,117 to Stevens et al., each of which is incor-
porated by reference as if fully set forth herein.

[0010] In some embodiments, an expandable tubular may
be used in a wellbore. Expandable tubulars are described in
U.S. Pat. Nos. 5,366,012 to Lohbeck, and 6,354,373 to Ver-
caemer et al., each of which is incorporated by reference as if
fully set forth herein.

[0011] Heaters may be placed in wellbores to heat a forma-
tion during an in situ process. Examples of in situ processes
utilizing downhole heaters are illustrated in U.S. Pat. Nos.
2,634,961 to Ljungstrom; 2,732,195 to Ljungstrom; 2,780,
450 to Ljungstrom; 2,789,805 to Ljungstrom; 2,923,535 to
Ljungstrom; and 4,886,118 to Van Meurs et al.; each of which
is incorporated by reference as if fully set forth herein.
[0012] Application of heat to oil shale formations is
described in U.S. Pat. Nos. 2,923,535 to Ljungstrom and
4,886,118 to Van Meurs et al. Heat may be applied to the oil
shale formation to pyrolyze kerogen in the oil shale forma-
tion. The heat may also fracture the formation to increase
permeability of the formation. The increased permeability
may allow formation fluid to travel to a production well where
the fluid is removed from the oil shale formation. In some
processes disclosed by Ljungstrom, for example, an oxygen
containing gaseous medium is introduced to a permeable
stratum, preferably while still hot from a preheating step, to
initiate combustion.

[0013] A heat source may be used to heat a subterranean
formation. Electric heaters may be used to heat the subterra-
nean formation by radiation and/or conduction. An electric
heater may resistively heat an element. U.S. Pat. No. 2,548,
360 to Germain, which is incorporated by reference as if fully
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set forth herein, describes an electric heating element placed
in a viscous oil in a wellbore. The heater element heats and
thins the oil to allow the oil to be pumped from the wellbore.
U.S. Pat. No. 4,716,960 to Eastlund et al., which is incorpo-
rated by reference as if fully set forth herein, describes elec-
trically heating tubing of a petroleum well by passing a rela-
tively low voltage current through the tubing to prevent
formation of solids. U.S. Pat. No. 5,065,818 to Van Egmond,
which is incorporated by reference as if fully set forth herein,
describes an electric heating element that is cemented into a
well borehole without a casing surrounding the heating ele-
ment.

[0014] U.S. Pat. No. 6,023,554 to Vinegar et al., which is
incorporated by reference as if fully set forth herein, describes
an electric heating element that is positioned in a casing. The
heating element generates radiant energy that heats the cas-
ing. A granular solid fill material may be placed between the
casing and the formation. The casing may conductively heat
the fill material, which in turn conductively heats the forma-
tion.

[0015] U.S.Pat. No.4,570,715 to Van Meurs etal., which is
incorporated by reference as if fully set forth herein, describes
an electric heating element. The heating element has an elec-
trically conductive core, a surrounding layer of insulating
material, and a surrounding metallic sheath. The conductive
core may have a relatively low resistance at high tempera-
tures. The insulating material may have electrical resistance,
compressive strength, and heat conductivity properties that
are relatively high at high temperatures. The insulating layer
may inhibit arcing from the core to the metallic sheath. The
metallic sheath may have tensile strength and creep resistance
properties that are relatively high at high temperatures.
[0016] U.S. Pat. No. 5,060,287 to Van Egmond, which is
incorporated by reference as if fully set forth herein, describes
an electrical heating element having a copper-nickel alloy
core.

[0017] Obtaining permeability in an oil shale formation
between injection and production wells tends to be difficult
because oil shale is often substantially impermeable. Many
methods have attempted to link injection and production
wells. These methods include: hydraulic fracturing such as
methods investigated by Dow Chemical and Laramie Energy
Research Center; electrical fracturing by methods investi-
gated by Laramie Energy Research Center; acid leaching of
limestone cavities by methods investigated by Dow Chemi-
cal; steam injection into permeable nahcolite zones to dis-
solve the nahcolite by methods investigated by Shell Oil and
Equity Oil; fracturing with chemical explosives by methods
investigated by Talley Energy Systems; fracturing with
nuclear explosives by methods investigated by Project
Bronco; and combinations of these methods. Many of these
methods, however, have relatively high operating costs and
lack sufficient injection capacity.

[0018] Large deposits of heavy hydrocarbons (heavy oil
and/or tar) contained in relatively permeable formations (for
example in tar sands) are found in North America, South
America, Africa, and Asia. Tar can be surface-mined and
upgraded to lighter hydrocarbons such as crude oil, naphtha,
kerosene, and/or gas oil. Surface milling processes may fur-
ther separate the bitumen from sand. The separated bitumen
may be converted to light hydrocarbons using conventional
refinery methods. Mining and upgrading tar sand is usually
substantially more expensive than producing lighter hydro-
carbons from conventional oil reservoirs.
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[0019] In situ production of hydrocarbons from tar sand
may be accomplished by heating and/or injecting a gas into
the formation. U.S. Pat. Nos. 5,211,230 to Ostapovich et al.
and 5,339,897 to Leaute, which are incorporated by reference
as if fully set forth herein, describe a horizontal production
well located in an oil-bearing reservoir. A vertical conduit
may be used to inject an oxidant gas into the reservoir for in
situ combustion.

[0020] U.S. Pat. No. 2,780,450 to [jungstrom describes
heating bituminous geological formations in situ to convert or
crack a liquid tar-like substance into oils and gases.

[0021] U.S. Pat. No. 4,597,441 to Ware et al., which is
incorporated by reference as if fully set forth herein, describes
contacting oil, heat, and hydrogen simultaneously in a reser-
voir. Hydrogenation may enhance recovery of oil from the
reservoir.

[0022] U.S.Pat. No. 5,046,559 to Glandt and U.S. Pat. No.
5,060,726 to Glandt et al., which are incorporated by refer-
ence as if fully set forth herein, describe preheating a portion
of a tar sand formation between an injector well and a pro-
ducer well. Steam may be injected from the injector well into
the formation to produce hydrocarbons at the producer well.
[0023] As outlined above, there has been a significant
amount of effort to develop methods and systems to economi-
cally produce hydrocarbons, hydrogen, and/or other products
from hydrocarbon containing formations. At present, how-
ever, there are still many hydrocarbon containing formations
from which hydrocarbons, hydrogen, and/or other products
cannot be economically produced. Thus, there is still a need
for improved methods and systems for production of hydro-
carbons, hydrogen, and/or other products from various
hydrocarbon containing formations.

SUMMARY

[0024] Embodiments described herein generally relate to
systems, methods, and heaters for treating a subsurface for-
mation. Embodiments described herein also generally relate
to heaters that have novel components therein. Such heaters
can be obtained by using the systems and methods described
herein.

[0025] In certain embodiments, the invention provides one
or more systems, methods, and/or heaters. In some embodi-
ments, the systems, methods, and/or heaters are used for
treating a subsurface formation.

[0026] In certain embodiments, the invention provides a
method for producing alkylated hydrocarbons, comprising:
producing formation fluid from a subsurface in situ heat treat-
ment process; separating the formation fluid to produce a
liquid stream and a first gas stream, wherein the first gas
stream comprises olefins; fractionating the liquid stream to
produce at least a second gas stream comprising hydrocar-
bons having a carbon number of atleast 3; and introducing the
first gas stream and the second gas stream into an alkylation
unit to produce alkylated hydrocarbons, wherein at least a
portion of the olefins in the first gas stream enhance alkyla-
tion.

[0027] In certain embodiments, the invention provides a
method of producing alkylated hydrocarbons, comprising:
producing formation fluid from a subsurface in situ heat treat-
ment process; separating the formation fluid to produce a
liquid stream; catalytically cracking at least a portion of the
liquid stream in a first catalytic cracking system to produce a
crude product; separating at least a portion of the crude prod-
uct into one or more hydrocarbon streams, wherein at least
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one of the hydrocarbon streams is a gasoline hydrocarbons
stream; catalytically cracking at least a portion of the gasoline
hydrocarbons stream by contacting the gasoline hydrocarbon
stream with a catalytic cracking catalyst in a second catalytic
cracking system to produce a crude olefin stream; and intro-
ducing at least a portion of the crude olefin stream into an
alkylation unit to produce one or more alkylated hydrocar-
bons.

[0028] In further embodiments, features from specific
embodiments may be combined with features from other
embodiments. For example, features from one embodiment
may be combined with features from any of the other embodi-
ments.

[0029] In further embodiments, treating a subsurface for-
mation is performed using any of the methods, systems, or
heaters described herein.

[0030] In further embodiments, additional features may be
added to the specific embodiments described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] Advantages of the present invention may become
apparent to those skilled in the art with the benefit of the
following detailed description and upon reference to the
accompanying drawings in which:

[0032] FIG. 1 depicts an illustration of stages of heating a
hydrocarbon containing formation.

[0033] FIG.2 shows a schematic view of an embodiment of
a portion of an in situ heat treatment system for treating a
hydrocarbon containing formation.

[0034] FIG. 3 depicts a schematic of an embodiment of a
Kalina cycle for producing electricity.

[0035] FIG. 4 depicts a schematic of an embodiment of a
Kalina cycle for producing electricity.

[0036] FIG. 5 depicts a schematic representation of an
embodiment of a system for producing pipeline gas.

[0037] FIG. 6 depicts a schematic representation of an
embodiment of a system for producing pipeline gas.

[0038] FIG. 7 depicts a schematic representation of an
embodiment of a system for producing pipeline gas.

[0039] FIG. 8 depicts a schematic representation of an
embodiment of a system for producing pipeline gas.

[0040] FIG. 9 depicts a schematic representation of an
embodiment of a system for producing pipeline gas.

[0041] FIG. 10 depicts a schematic representation of an
embodiment of a system for treating the mixture produced
from the in situ heat treatment process.

[0042] FIG. 11 depicts a schematic representation of an
embodiment of a system for treating a liquid stream produced
from an in situ heat treatment process.

[0043] FIG. 12 depicts a schematic drawing of an embodi-
ment of a reverse-circulating polycrystalline diamond com-
pact drill bit design.

[0044] FIG. 13 depicts a schematic drawing of an embodi-
ment of a drilling system.

[0045] FIG. 14 depicts a schematic drawing of an embodi-
ment of a drilling system for drilling into a hot formation.
[0046] FIG. 15 depicts a schematic drawing of an embodi-
ment of a drilling system for drilling into a hot formation.
[0047] FIG. 16 depicts a schematic drawing of an embodi-
ment of a drilling system for drilling into a hot formation.
[0048] FIG. 17 depicts an embodiment of a freeze well for
a circulated liquid refrigeration system, wherein a cutaway
view of the freeze well is represented below ground surface.
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[0049] FIG. 18A depicts an embodiment of a wellbore for
introducing wax into a formation to form a wax grout barrier.
[0050] FIG. 18B depicts a representation of a wellbore
drilled to an intermediate depth in a formation.

[0051] FIG. 18C depicts a representation of the wellbore
drilled to the final depth in the formation.

[0052] FIG. 19 depicts an embodiment of a ball type reflux
baftle system positioned in a heater well.

[0053] FIG. 20 depicts an embodiment of a device for lon-
gitudinal welding of a tubular using ERW.

[0054] FIGS. 21, 22, and 23 depict cross-sectional repre-
sentations of an embodiment of a temperature limited heater
with an outer conductor having a ferromagnetic section and a
non-ferromagnetic section.

[0055] FIGS. 24, 25, 26, and 27 depict cross-sectional rep-
resentations of an embodiment of a temperature limited
heater with an outer conductor having a ferromagnetic section
and a non-ferromagnetic section placed inside a sheath.
[0056] FIGS. 28A and 28B depict cross-sectional represen-
tations of an embodiment of a temperature limited heater.
[0057] FIGS. 29A and 29B depict cross-sectional represen-
tations of an embodiment of a temperature limited heater.
[0058] FIGS.30A and 30B depict cross-sectional represen-
tations of an embodiment of a temperature limited heater.
[0059] FIGS. 31 A and 31B depict cross-sectional represen-
tations of an embodiment of a temperature limited heater.
[0060] FIGS. 32A and 32B depict cross-sectional represen-
tations of an embodiment of a temperature limited heater.
[0061] FIG. 33 depicts a cross-sectional representation of
an embodiment of a composite conductor with a support
member.

[0062] FIG. 34 depicts a cross-sectional representation of
an embodiment of a composite conductor with a support
member separating the conductors.

[0063] FIG. 35 depicts a cross-sectional representation of
an embodiment of'a composite conductor surrounding a sup-
port member.

[0064] FIG. 36 depicts a cross-sectional representation of
an embodiment of a composite conductor surrounding a con-
duit support member.

[0065] FIG. 37 depicts a cross-sectional representation of
an embodiment of a conductor-in-conduit heat source.
[0066] FIG. 38 depicts a cross-sectional representation of
an embodiment of a removable conductor-in-conduit heat
source.

[0067] FIG. 39 depicts an embodiment of a temperature
limited heater in which the support member provides a major-
ity of the heat output below the Curie temperature of the
ferromagnetic conductor.

[0068] FIGS. 40 and 41 depict embodiments of tempera-
ture limited heaters in which the jacket provides a majority of
the heat output below the Curie temperature of the ferromag-
netic conductor.

[0069] FIG. 42 depicts a high temperature embodiment of a
temperature limited heater.

[0070] FIG. 43 depicts hanging stress versus outside diam-
eter for the temperature limited heater shown in FIG. 39 with
347H as the support member.

[0071] FIG. 44 depicts hanging stress versus temperature
for several materials and varying outside diameters of the
temperature limited heater.
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[0072] FIGS.45,46,47, and 48 depict examples of embodi-
ments for temperature limited heaters that vary the materials
and/or dimensions along the length of the heaters to provide
desired operating properties.

[0073] FIGS. 49 and 50 depict examples of embodiments
for temperature limited heaters that vary the diameter and/or
materials of the support member along the length of the
heaters to provide desired operating properties and sufficient
mechanical properties.

[0074] FIGS. 51A and 51B depict cross-sectional represen-
tations of an embodiment of a temperature limited heater
component used in an insulated conductor heater.

[0075] FIGS. 52A and 52B depict an embodiment of a
system for installing heaters in a wellbore.

[0076] FIG. 52C depicts an embodiment of an insulated
conductor with the sheath shorted to the conductors.

[0077] FIG. 53 depicts an embodiment for coupling
together sections of a long temperature limited heater.
[0078] FIG. 54 depicts an embodiment of a shield for
orbital welding sections of a long temperature limited heater.
[0079] FIG. 55 depicts a schematic representation of an
embodiment of a shut off circuit for an orbital welding
machine.

[0080] FIG. 56 depicts an embodiment of a temperature
limited heater with a low temperature ferromagnetic outer
conductor.

[0081] FIG. 57 depicts an embodiment of a temperature
limited conductor-in-conduit heater.

[0082] FIG. 58 depicts a cross-sectional representation of
an embodiment of a conductor-in-conduit temperature lim-
ited heater.

[0083] FIG. 59 depicts a cross-sectional representation of
an embodiment of a conductor-in-conduit temperature lim-
ited heater.

[0084] FIG. 60 depicts a cross-sectional view of an embodi-
ment of a conductor-in-conduit temperature limited heater.
[0085] FIG. 61 depicts a cross-sectional representation of
an embodiment of a conductor-in-conduit temperature lim-
ited heater with an insulated conductor.

[0086] FIG. 62 depicts a cross-sectional representation of
an embodiment of a conductor-in-conduit temperature lim-
ited heater with an insulated conductor.

[0087] FIG. 63 depicts an embodiment of a three-phase
temperature limited heater with a portion shown in cross
section.

[0088] FIG. 64 depicts an embodiment of temperature lim-
ited heaters coupled together in a three-phase configuration.
[0089] FIG. 65 depicts an embodiment of three heaters
coupled in a three-phase configuration.

[0090] FIG. 66 depicts a side view representation of an
embodiment of a substantially u-shaped three-phase heater.
[0091] FIG. 67 depicts a top view representation of an
embodiment of a plurality of triads of three-phase heaters in
a formation.

[0092] FIG. 68 depicts a top view representation of the
embodiment depicted in FIG. 67 with production wells.
[0093] FIG. 69 depicts a top view representation of an
embodiment of a plurality of triads of three-phase heaters in
a hexagonal pattern.

[0094] FIG. 70 depicts a top view representation of an
embodiment of a hexagon from FIG. 69.

[0095] FIG. 71 depicts an embodiment of triads of heaters
coupled to a horizontal bus bar.
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[0096] FIGS. 72 and 73 depict embodiments for coupling
contacting elements of three legs of a heater.

[0097] FIG. 74 depicts an embodiment of a container with
an initiator for melting the coupling material.

[0098] FIG. 75 depicts an embodiment of a container for
coupling contacting elements with bulbs on the contacting
elements.

[0099] FIG. 76 depicts an alternative embodiment of a con-
tainer.
[0100] FIG. 77 depicts an alternative embodiment for cou-

pling contacting elements of three legs of a heater.

[0101] FIG. 78 depicts a cross-sectional representation of
an embodiment for coupling contacting elements using tem-
perature limited heating elements.

[0102] FIG. 79 depicts a cross-sectional representation of
an alternative embodiment for coupling contacting elements
using temperature limited heating elements.

[0103] FIG. 80 depicts a cross-sectional representation of
another alternative embodiment for coupling contacting ele-
ments using temperature limited heating elements.

[0104] FIG. 81 depicts a side view representation of an
alternative embodiment for coupling contacting elements of
three legs of a heater.

[0105] FIG. 82 depicts a top view representation of the
alternative embodiment for coupling contacting elements of
three legs of a heater depicted in FIG. 81.

[0106] FIG. 83 depicts an embodiment of a contacting ele-
ment with a brush contactor.

[0107] FIG. 84 depicts an embodiment for coupling con-
tacting elements with brush contactors.

[0108] FIG. 85 depicts an embodiment of two temperature
limited heaters coupled together in a single contacting sec-
tion.

[0109] FIG. 86 depicts an embodiment of two temperature
limited heaters with legs coupled in a contacting section.
[0110] FIG. 87 depicts an embodiment of three diads
coupled to a three-phase transformer.

[0111] FIG. 88 depicts an embodiment of groups of diads in
a hexagonal pattern.

[0112] FIG. 89 depicts an embodiment of diads in a trian-
gular pattern.
[0113] FIG. 90 depicts a cross-sectional representation of

an embodiment of substantially u-shaped heaters.

[0114] FIG. 91 depicts a representational top view of an
embodiment of a surface pattern of heaters depicted in FIG.
90.

[0115] FIG. 92 depicts a cross-sectional representation of
substantially u-shaped heaters in a hydrocarbon layer.
[0116] FIG. 93 depicts a side view representation of an
embodiment of substantially vertical heaters coupled to a
substantially horizontal wellbore.

[0117] FIG. 94 depicts an embodiment of a substantially
u-shaped heater that electrically isolates itself from the for-
mation.

[0118] FIG. 95 depicts an embodiment of a single-ended,
substantially horizontal heater that electrically isolates itself
from the formation.

[0119] FIG. 96 depicts an embodiment of a single-ended,
substantially horizontal heater that electrically isolates itself
from the formation using an insulated conductor as the center
conductor.

[0120] FIGS.97A and 97B depict an embodiment for using
substantially u-shaped wellbores to time sequence heat two
layers in a hydrocarbon containing formation.
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[0121] FIG. 98 depicts a side view representation of an
embodiment for producing mobilized fluids from a tar sands
formation with a relatively thin hydrocarbon layer.

[0122] FIG. 99 depicts a side view representation of an
embodiment for producing mobilized fluids from a tar sands
formation with a hydrocarbon layer that is thicker than the
hydrocarbon layer depicted in FIG. 98.

[0123] FIG. 100 depicts a side view representation of an
embodiment for producing mobilized fluids from a tar sands
formation with a hydrocarbon layer that is thicker than the
hydrocarbon layer depicted in FIG. 99.

[0124] FIG. 101 depicts a side view representation of an
embodiment for producing mobilized fluids from a tar sands
formation with a hydrocarbon layer that has a shale break.
[0125] FIG. 102 depicts a top view representation of an
embodiment for preheating using heaters for the drive pro-
cess.

[0126] FIG. 103 depicts a side view representation of an
embodiment for preheating using heaters for the drive pro-
cess.

[0127] FIG. 104 depicts a representation of an embodiment
for producing hydrocarbons from a tar sands formation.
[0128] FIG. 105 depicts an embodiment for heating and
producing from a formation with a temperature limited heater
in a production wellbore.

[0129] FIG. 106 depicts an embodiment for heating and
producing from a formation with a temperature limited heater
and a production wellbore.

[0130] FIG. 107 depicts an embodiment of a heating/pro-
duction assembly that may be located in a wellbore for gas
lifting.

[0131] FIG. 108 depicts an embodiment of a heating/pro-
duction assembly that may be located in a wellbore for gas
lifting.

[0132] FIG. 109 depicts another embodiment of a heating/
production assembly that may be located in a wellbore for gas
lifting.

[0133] FIG. 110 depicts an embodiment of a production
conduit and a heater.

[0134] FIG. 111 depicts an embodiment for treating a for-
mation.
[0135] FIG. 112 depicts an embodiment of a heater well

with selective heating.

[0136] FIG. 113 depicts a schematic representation of an
embodiment of a downhole oxidizer assembly.

[0137] FIG. 114 depicts an embodiment of a portion of an
oxidizer of an oxidation system.

[0138] FIG. 115 depicts a schematic representation of an
oxidizer positioned in an oxidant line.

[0139] FIG. 116 depicts a cross-sectional view of an
embodiment of a heat shield.

[0140] FIG. 117 depicts a cross-sectional view of an
embodiment of a heat shield.

[0141] FIG. 118 depicts a cross-sectional view of an
embodiment of a heat shield.

[0142] FIG. 119 depicts a cross-sectional view of an
embodiment of a heat shield.

[0143] FIG. 120 depicts a cross-sectional view of an
embodiment of a heat shield.

[0144] FIG. 121 depicts a cross-sectional representation of
an embodiment of a catalytic burner.

[0145] FIG. 122 depicts a cross-sectional representation of
an embodiment of a catalytic burner with an igniter.
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[0146] FIG. 123 depicts a schematic representation of an
embodiment of a heating system with adownhole gas turbine.
[0147] FIG. 124 depicts a schematic representation of a
closed loop circulation system for heating a portion of a
formation.

[0148] FIG. 125 depicts a plan view of wellbore entries and
exits from a portion of a formation to be heated using a closed
loop circulation system.

[0149] FIG. 126 depicts a schematic representation of an
embodiment of an in situ heat treatment system that uses a
nuclear reactor.

[0150] FIG. 127 depicts an elevational view of an in situ
heat treatment system using pebble bed reactors.

[0151] FIG. 128 depicts a side view representation of an
embodiment of a system for heating the formation that can
use a closed loop circulation system and/or electrical heating.
[0152] FIG. 129 depicts a side view representation of an
embodiment for an in situ staged heating and producing pro-
cess for treating a tar sands formation.

[0153] FIG. 130 depicts a top view of a rectangular check-
erboard pattern embodiment for the in situ staged heating and
production process.

[0154] FIG. 131 depicts atop view of aring pattern embodi-
ment for the in situ staged heating and production process.
[0155] FIG. 132 depicts a top view of a checkerboard ring
pattern embodiment for the in situ staged heating and produc-
tion process.

[0156] FIG. 133 depicts a top view an embodiment of a
plurality of rectangular checkerboard patterns in a treatment
area for the in situ staged heating and production process.
[0157] FIG. 134 depicts a schematic representation of a
system for inhibiting migration of formation fluid from a
treatment area.

[0158] FIG. 135 depicts an embodiment of a windmill for
generating electricity for subsurface heaters.

[0159] FIG. 136 depicts an embodiment of a solution min-
ing well.
[0160] FIG. 137 depicts a representation of a portion of a

solution mining well.

[0161] FIG. 138 depicts a representation of a portion of a
solution mining well.

[0162] FIG. 139 depicts an elevational view of a well pat-
tern for solution mining and/or an in situ heat treatment pro-
cess.

[0163] FIG. 140 depicts a representation of wells of an in
situ heating treatment process for solution mining and pro-
ducing hydrocarbons from a formation.

[0164] FIG. 141 depicts an embodiment for solution min-
ing a formation.

[0165] FIG. 142 depicts an embodiment of a formation with
nahcolite layers in the formation before solution mining nah-
colite from the formation.

[0166] FIG. 143 depicts the formation of FIG. 142 after the
nahcolite has been solution mined.

[0167] FIG. 144 depicts an embodiment of two injection
wells interconnected by a zone that has been solution mined
to remove nahcolite from the zone.

[0168] FIG. 145 depicts an embodiment for heating a for-
mation with dawsonite in the formation.

[0169] FIG. 146 depicts an embodiment of treating a hydro-
carbon containing formation with a combustion front.
[0170] FIG. 147 depicts a cross-sectional view of an
embodiment of treating a hydrocarbon containing formation
with a combustion front.
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[0171] FIG. 148 depicts electrical resistance versus tem-
perature at various applied electrical currents for a 446 stain-
less steel rod.

[0172] FIG. 149 shows resistance profiles as a function of
temperature at various applied electrical currents for a copper
rod contained in a conduit of Sumitomo HCM12A.

[0173] FIG. 150 depicts electrical resistance versus tem-
perature at various applied electrical currents for a tempera-
ture limited heater.

[0174] FIG. 151 depicts raw data for a temperature limited
heater.
[0175] FIG. 152 depicts electrical resistance versus tem-

perature at various applied electrical currents for a tempera-
ture limited heater.

[0176] FIG. 153 depicts power versus temperature at vari-
ous applied electrical currents for a temperature limited
heater.

[0177] FIG. 154 depicts electrical resistance versus tem-
perature at various applied electrical currents for a tempera-
ture limited heater.

[0178] FIG. 155 depicts data of electrical resistance versus
temperature for a solid 2.54 cm diameter, 1.8 m long 410
stainless steel rod at various applied electrical currents.
[0179] FIG. 156 depicts data of electrical resistance versus
temperature for a composite 1.9 cm, 1.8 m long alloy 42-6 rod
with a copper core (the rod has an outside diameter to copper
diameter ratio of 2:1) at various applied electrical currents.
[0180] FIG. 157 depicts data of power output versus tem-
perature for a composite 1.9 cm, 1.8 m long alloy 42-6 rod
with a copper core (the rod has an outside diameter to copper
diameter ratio of 2:1) at various applied electrical currents.
[0181] FIG. 158 depicts data for values of skin depth versus
temperature for a solid 2.54 cm diameter, 1.8 m long 410
stainless steel rod at various applied AC electrical currents.
[0182] FIG. 159 depicts temperature versus time for a tem-
perature limited heater.

[0183] FIG. 160 depicts temperature versus log time data
fora2.5cmsolid 410 stainless steel rod and a 2.5 cm solid 304
stainless steel rod.

[0184] FIG. 161 depicts experimentally measured resis-
tance versus temperature at several currents for a temperature
limited heater with a copper core, a carbon steel ferromag-
netic conductor, and 347H stainless steel support member.
[0185] FIG. 162 depicts experimentally measured resis-
tance versus temperature at several currents for a temperature
limited heater with a copper core, an iron-cobalt ferromag-
netic conductor, and 347H stainless steel support member.
[0186] FIG. 163 depicts experimentally measured power
factor versus temperature at two AC currents for a tempera-
ture limited heater with a copper core, a carbon steel ferro-
magnetic conductor, and a 347H stainless steel support mem-
ber.

[0187] FIG. 164 depicts experimentally measured turn-
down ratio versus maximum power delivered for a tempera-
ture limited heater with a copper core, a carbon steel ferro-
magnetic conductor, and a 347H stainless steel support
member.

[0188] FIG. 165 depicts examples of relative magnetic per-
meability versus magnetic field for both the found correla-
tions and raw data for carbon steel.

[0189] FIG. 166 shows the resulting plots of skin depth
versus magnetic field for four temperatures and 400 A cur-
rent.
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[0190] FIG. 167 shows a comparison between the experi-
mental and numerical (calculated) results for currents of 300
A, 400 A, and 500 A.

[0191] FIG. 168 shows the AC resistance per foot of the
heater element as a function of skin depth at 1100° F. calcu-
lated from the theoretical model.

[0192] FIG. 169 depicts the power generated per unit length
in each heater component versus skin depth for a temperature
limited heater.

[0193] FIGS. 170 A-C compare the results of theoretical
calculations with experimental data for resistance versus tem-
perature in a temperature limited heater.

[0194] FIG. 171 displays temperature of the center conduc-
tor of a conductor-in-conduit heater as a function of formation
depth for a Curie temperature heater with a turndown ratio of
2:1.

[0195] FIG. 172 displays heater heat flux through a forma-
tion for a turndown ratio of 2:1 along with the oil shale
richness profile.

[0196] FIG. 173 displays heater temperature as a function
of formation depth for a turndown ratio of 3:1.

[0197] FIG. 174 displays heater heat flux through a forma-
tion for a turndown ratio of 3:1 along with the oil shale
richness profile.

[0198] FIG. 175 displays heater temperature as a function
of formation depth for a turndown ratio of 4:1.

[0199] FIG. 176 depicts heater temperature versus depth
for heaters used in a simulation for heating oil shale.

[0200] FIG. 177 depicts heater heat flux versus time for
heaters used in a simulation for heating oil shale.

[0201] FIG. 178 depicts accumulated heat input versus time
in a simulation for heating oil shale.

[0202] FIG. 179 depicts cumulative gas production and
cumulative oil production versus time found from a STARS
simulation using the heaters and heater pattern depicted in
FIGS. 65 and 67.

[0203] FIG. 180 depicts experimental calculations of
weight percentages of ferrite and austenite phases versus
temperature for iron alloy TC3.

[0204] FIG. 181 depicts experimental calculations of
weight percentages of ferrite and austenite phases versus
temperature for iron alloy FM-4.

[0205] FIG. 182 depicts the Curie temperature and phase
transformation temperature range for several iron alloys.
[0206] FIG. 183 depicts experimental calculations of
weight percentages of ferrite and austenite phases versus
temperature for an iron-cobalt alloy with 5.63% by weight
cobalt and 0.4% by weight manganese.

[0207] FIG. 184 depicts experimental calculations of
weight percentages of ferrite and austenite phases versus
temperature for an iron-cobalt alloy with 5.63% by weight
cobalt, 0.4% by weight manganese, and 0.01% by weight
carbon.

[0208] FIG. 185 depicts experimental calculations of
weight percentages of ferrite and austenite phases versus
temperature for an iron-cobalt alloy with 5.63% by weight
cobalt, 0.4% by weight manganese, and 0.085% by weight
carbon.

[0209] FIG. 186 depicts experimental calculations of
weight percentages of ferrite and austenite phases versus
temperature for an iron-cobalt alloy with 5.63% by weight
cobalt, 0.4% by weight manganese, 0.085% by weight car-
bon, and 0.4% by weight titanium.
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[0210] FIG. 187 depicts experimental calculations of
weight percentages of ferrite and austenite phases versus
temperature for an iron-chromium alloys having 12.25% by
weight chromium, 0.1% by weight carbon, 0.5% by weight
manganese, and 0.5% by weight silicon.

[0211] FIG. 188 depicts experimental calculation of weight
percentages of phases versus weight percentages of chro-
mium in an alloy.

[0212] FIG. 189 depicts experimental calculation of weight
percentages of phases versus weight percentages of silicon in
an alloy.

[0213] FIG.190depicts experimental calculation of weight
percentages of phases versus weight percentages of tungsten
in an alloy.

[0214] FIG. 191 depicts experimental calculation of weight
percentages of phases versus weight percentages of niobium
in an alloy.

[0215] FIG.192 depicts experimental calculation of weight
percentages of phases versus weight percentages of carbon in
an alloy.

[0216] FIG.193 depicts experimental calculation of weight
percentages of phases versus weight percentages of nitrogen
in an alloy.

[0217] FIG. 194 depicts experimental calculation of weight
percentages of phases versus weight percentages of titanium
in an alloy.

[0218] FIG. 195 depicts experimental calculation of weight
percentages of phases versus weight percentages of copper in
an alloy.

[0219] FIG.196 depicts experimental calculation of weight
percentages of phases versus weight percentages of manga-
nese in an alloy.

[0220] FIG.197 depicts experimental calculation of weight
percentages of phases versus weight percentages of nickel in
an alloy.

[0221] FIG. 198 depicts experimental calculation of weight
percentages of phases versus weight percentages of molyb-
denum in an alloy.

[0222] FIG.199 depicts yield strengths and ultimate tensile
strengths for different metals.

[0223] FIG. 200 depicts projected corrosion rates over a
one-year period for several metals in a sulfidation atmo-
sphere.

[0224] FIG. 201 depicts projected corrosion rates over a
one-year period for 410 stainless steel and 410 stainless steel
containing various amounts of cobalt in a sulfidation atmo-
sphere.

[0225] FIG. 202 depicts an example of richness of an oil
shale formation (gal/ton) versus depth (ft).

[0226] FIG. 203 depicts resistance per foot (mQ/ft) versus
temperature (° F.) profile of the first heater example.

[0227] FIG. 204 depicts average temperature in the forma-
tion (° F.) versus time (days) as determined by the simulation
for the first example.

[0228] FIG. 205 depicts resistance per foot (mQ/ft) versus
temperature (° F.) for the second heater example.

[0229] FIG. 206 depicts average temperature in the forma-
tion (° F.) versus time (days) as determined by the simulation
for the second example.

[0230] FIG. 207 depicts net heater energy input (Btu) ver-
sus time (days) for the second example.

[0231] FIG. 208 depicts power injection per foot (W/ft)
versus time (days) for the second example.
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[0232] FIG. 209 depicts resistance per foot (mQ/ft) versus
temperature (° F.) for the third heater example.

[0233] FIG. 210 depicts average temperature in the forma-
tion (° F.) versus time (days) as determined by the simulation
for the third example.

[0234] FIG. 211 depicts cumulative energy injection (Btu)
versus time (days) for each of the three heater examples.
[0235] FIG. 212 depicts average temperature (° F.) versus
time (days) for the third heater example with a 30 foot spacing
between heaters in the formation as determined by the simu-
lation.

[0236] FIG. 213 depicts average temperature (° F.) versus
time (days) for the fourth heater example using the heater
configuration and pattern depicted in FIGS. 65 and 67 as
determined by the simulation.

[0237] FIG. 214 depicts a temperature profile in the forma-
tion after 360 days using the STARS simulation.

[0238] FIG. 215 depicts an oil saturation profile in the
formation after 360 days using the STARS simulation.
[0239] FIG. 216 depicts the oil saturation profile in the
formation after 1095 days using the STARS simulation.
[0240] FIG. 217 depicts the oil saturation profile in the
formation after 1470 days using the STARS simulation.
[0241] FIG. 218 depicts the oil saturation profile in the
formation after 1826 days using the STARS simulation.
[0242] FIG. 219 depicts the temperature profile in the for-
mation after 1826 days using the STARS simulation.

[0243] FIG. 220 depicts oil production rate and gas produc-
tion rate versus time.

[0244] While the invention is susceptible to various modi-
fications and alternative forms, specific embodiments thereof
are shown by way of example in the drawings and may herein
be described in detail. The drawings may not be to scale. It
should be understood, however, that the drawings and
detailed description thereto are not intended to limit the
invention to the particular form disclosed, but on the contrary,
the intention is to cover all modifications, equivalents and
alternatives falling within the spirit and scope of the present
invention as defined by the appended claims.

DETAILED DESCRIPTION

[0245] The following description generally relates to sys-
tems and methods for treating hydrocarbons in the forma-
tions. Such formations may be treated to yield hydrocarbon
products, hydrogen, and other products.

[0246] “Alternating current (AC)” refers to a time-varying
current that reverses direction substantially sinusoidally. AC
produces skin effect electricity flow in a ferromagnetic con-
ductor.

[0247] “API gravity” refers to API gravity at 15.5° C. (60°
F.). API gravity is as determined by ASTM Method D6822.
[0248] In the context of reduced heat output heating sys-
tems, apparatus, and methods, the term “automatically”
means such systems, apparatus, and methods function in a
certain way without the use of external control (for example,
external controllers such as a controller with a temperature
sensor and a feedback loop, PID controller, or predictive
controller).

[0249] “Bare metal” and “exposed metal” refer to metals of
elongated members that do not include a layer of electrical
insulation, such as mineral insulation, that is designed to
provide electrical insulation for the metal throughout an oper-
ating temperature range of the elongated member. Bare metal
and exposed metal may encompass a metal that includes a
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corrosion inhibitor such as a naturally occurring oxidation
layer, an applied oxidation layer, and/or a film. Bare metal and
exposed metal include metals with polymeric or other types
of electrical insulation that cannot retain electrical insulating
properties at typical operating temperature of the elongated
member. Such material may be placed on the metal and may
be thermally degraded during use of the heater.

[0250] “Carbon number” refers to the number of carbon
atoms in a molecule. A hydrocarbon fluid may include vari-
ous hydrocarbons with different carbon numbers. The hydro-
carbon fluid may be described by a carbon number distribu-
tion. Carbon numbers and/or carbon number distributions
may be determined by true boiling point distribution and/or
gas-liquid chromatography.

[0251] “Cenospheres” refers to hollow particulates that are
formed in thermal processes at high temperatures when mol-
ten components are blown up like balloons by the volatiliza-
tion of organic components.

[0252] “Chemically stability” refers to the ability of a for-
mation fluid to be transported without components in the
formation fluid reacting to form polymers and/or composi-
tions that plug pipelines, valves, and/or vessels.

[0253] “Clogging” refers to impeding and/or inhibiting
flow of one or more compositions through a process vessel or
a conduit.

[0254] “Column X element” or “Column X elements” refer
to one or more elements of Column X of the Periodic Table,
and/or one or more compounds of one or more elements of
Column X of the Periodic Table, in which X corresponds to a
column number (for example, 13-18) of the Periodic Table.
For example, “Column 15 elements” refer to elements from
Column 15 of the Periodic Table and/or compounds of one or
more elements from Column 15 of the Periodic Table.
[0255] “Column X metal” or “Column X metals” refer to
one or more metals of Column X of the Periodic Table and/or
one or more compounds of one or more metals of Column X
of the Periodic Table, in which X corresponds to a column
number (for example, 1-12) of the Periodic Table. For
example, “Column 6 metals” refer to metals from Column 6
of the Periodic Table and/or compounds of one or more met-
als from Column 6 of the Periodic Table.

[0256] “Condensable hydrocarbons™ are hydrocarbons that
condense at 25° C. and one atmosphere absolute pressure.
Condensable hydrocarbons may include a mixture of hydro-
carbons having carbon numbers greater than 4.

[0257] “Non-condensable hydrocarbons™ are hydrocar-
bons that do not condense at 25° C. and one atmosphere
absolute pressure. Non-condensable hydrocarbons may
include hydrocarbons having carbon numbers less than 5.
[0258] “Coring” is a process that generally includes drilling
a hole into a formation and removing a substantially solid
mass of the formation from the hole.

[0259] “Cracking” refers to a process involving decompo-
sition and molecular recombination of organic compounds to
produce a greater number of molecules than were initially
present. In cracking, a series of reactions take place accom-
panied by a transfer of hydrogen atoms between molecules.
For example, naphtha may undergo a thermal cracking reac-
tion to form ethene and H,,.

[0260] “Curie temperature” is the temperature above which
a ferromagnetic material loses all of its ferromagnetic prop-
erties. In addition to losing all of its ferromagnetic properties
above the Curie temperature, the ferromagnetic material
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begins to lose its ferromagnetic properties when an increasing
electrical current is passed through the ferromagnetic mate-
rial.

[0261] “Cycle oil” refers to a mixture of light cycle oil and
heavy cycle oil. “Light cycle 0il” refers to hydrocarbons
having a boiling range distribution between 430° F. (221° C.)
and 650° F. (343° C.) that are produced from a fluidized
catalytic cracking system. Light cycle oil content is deter-
mined by ASTM Method D5307. “Heavy cycle oil” refers to
hydrocarbons having a boiling range distribution between
650°F. (343° C.) and 800° F. (427° C.) that are produced from
a fluidized catalytic cracking system. Heavy cycle oil content
is determined by ASTM Method D5307.

[0262] “Diad” refers to a group of two items (for example,
heaters, wellbores, or other objects) coupled together.
[0263] “Diesel” refers to hydrocarbons with a boiling range
distribution between 260° C. and 343° C. (500-650° F.) at
0.101 MPa. Diesel content is determined by ASTM Method
D2887.

[0264] “Enriched air” refers to air having a larger mole
fraction of oxygen than air in the atmosphere. Air is typically
enriched to increase combustion-supporting ability of the air.
[0265] “Fluid pressure” is a pressure generated by a fluid in
a formation. “Lithostatic pressure” (sometimes referred to as
“lithostatic stress™) is a pressure in a formation equal to a
weight per unit area of an overlying rock mass. “Hydrostatic
pressure” is a pressure in a formation exerted by a column of
water.

[0266] A “formation” includes one or more hydrocarbon
containing layers, one or more non-hydrocarbon layers, an
overburden, and/or an underburden. “Hydrocarbon layers”
refer to layers in the formation that contain hydrocarbons.
The hydrocarbon layers may contain non-hydrocarbon mate-
rial and hydrocarbon material. The “overburden” and/or the
“underburden” include one or more different types of imper-
meable materials. For example, the overburden and/or under-
burden may include rock, shale, mudstone, or wet/tight car-
bonate. In some embodiments of in situ heat treatment
processes, the overburden and/or the underburden may
include a hydrocarbon containing layer or hydrocarbon con-
taining layers that are relatively impermeable and are not
subjected to temperatures during in situ heat treatment pro-
cessing that result in significant characteristic changes of the
hydrocarbon containing layers of the overburden and/or the
underburden. For example, the underburden may contain
shale or mudstone, but the underburden is not allowed to heat
to pyrolysis temperatures during the in situ heat treatment
process. In some cases, the overburden and/or the underbur-
den may be somewhat permeable.

[0267] “Formation fluids” refer to fluids present in a for-
mation and may include pyrolyzation fluid, synthesis gas,
mobilized hydrocarbon, and water (steam). Formation fluids
may include hydrocarbon fluids as well as non-hydrocarbon
fluids. The term “mobilized fluid” refers to fluids in a hydro-
carbon containing formation that are able to flow as aresult of
thermal treatment of the formation. “Produced fluids” refer to
fluids removed from the formation.

[0268] “Gasoline hydrocarbons™ refer to hydrocarbons
having a boiling point range from 32° C. (90° F.) to about
204° C. (400° F.). Gasoline hydrocarbons include, but are not
limited to, straight run gasoline, naphtha, fluidized or ther-
mally catalytically cracked gasoline, VB gasoline, and coker
gasoline. Gasoline hydrocarbons content is determined by
ASTM Method D2887.
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[0269] A “heat source” is any system for providing heat to
at least a portion of a formation substantially by conductive
and/or radiative heat transfer. For example, a heat source may
include electric heaters such as an insulated conductor, an
elongated member, and/or a conductor disposed in a conduit.
A heat source may also include systems that generate heat by
burning a fuel external to or in a formation. The systems may
be surface burners, downhole gas burners, flameless distrib-
uted combustors, and natural distributed combustors. In some
embodiments, heat provided to or generated in one or more
heat sources may be supplied by other sources of energy. The
other sources of energy may directly heat a formation, or the
energy may be applied to a transfer medium that directly or
indirectly heats the formation. It is to be understood that one
ormore heat sources that are applying heat to a formation may
use different sources of energy. Thus, for example, for a given
formation some heat sources may supply heat from electric
resistance heaters, some heat sources may provide heat from
combustion, and some heat sources may provide heat from
one or more other energy sources (for example, chemical
reactions, solar energy, wind energy, biomass, or other
sources of renewable energy). A chemical reaction may
include an exothermic reaction (for example, an oxidation
reaction). A heat source may also include a heater that pro-
vides heat to a zone proximate and/or surrounding a heating
location such as a heater well.

[0270] A “heater” is any system or heat source for gener-
ating heat in a well or a near wellbore region. Heaters may be,
but are not limited to, electric heaters, burners, combustors
that react with material in or produced from a formation,
and/or combinations thereof.

[0271] “Heavy hydrocarbons™ are viscous hydrocarbon
fluids. Heavy hydrocarbons may include highly viscous
hydrocarbon fluids such as heavy oil, tar, and/or asphalt.
Heavy hydrocarbons may include carbon and hydrogen, as
well as smaller concentrations of sulfur, oxygen, and nitro-
gen. Additional elements may also be present in heavy hydro-
carbons in trace amounts. Heavy hydrocarbons may be clas-
sified by API gravity. Heavy hydrocarbons generally have an
API gravity below about 20°. Heavy oil, for example, gener-
ally has an API gravity of about 10-20°, whereas tar generally
has an API gravity below about 10°. The viscosity of heavy
hydrocarbons is generally greater than about 100 centipoise
at 15° C. Heavy hydrocarbons may include aromatics or other
complex ring hydrocarbons.

[0272] Heavy hydrocarbons may be found in a relatively
permeable formation. The relatively permeable formation
may include heavy hydrocarbons entrained in, for example,
sand or carbonate. “Relatively permeable” is defined, with
respect to formations or portions thereof, as an average per-
meability of 10 millidarcy or more (for example, 10 or 100
millidarcy). “Relatively low permeability” is defined, with
respect to formations or portions thereof, as an average per-
meability of less than about 10 millidarcy. One darcy is equal
to about 0.99 square micrometers. An impermeable layer
generally has a permeability of less than about 0.1 millidarcy.
[0273] Certain types of formations that include heavy
hydrocarbons may also be, but are not limited to, natural
mineral waxes, or natural asphaltites. “Natural mineral
waxes” typically occur in substantially tubular veins that may
be several meters wide, several kilometers long, and hundreds
of meters deep. “Natural asphaltites” include solid hydrocar-
bons of an aromatic composition and typically occur in large
veins. In situ recovery of hydrocarbons from formations such
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as natural mineral waxes and natural asphaltites may include
melting to form liquid hydrocarbons and/or solution mining
ot hydrocarbons from the formations.

[0274] “Hydrocarbons” are generally defined as molecules
formed primarily by carbon and hydrogen atoms. Hydrocar-
bons may also include other elements such as, but not limited
to, halogens, metallic elements, nitrogen, oxygen, and/or sul-
fur. Hydrocarbons may be, but are not limited to, kerogen,
bitumen, pyrobitumen, oils, natural mineral waxes, and
asphaltites. Hydrocarbons may be located in or adjacent to
mineral matrices in the earth. Matrices may include, but are
not limited to, sedimentary rock, sands, silicilytes, carbon-
ates, diatomites, and other porous media. “Hydrocarbon flu-
ids” are fluids that include hydrocarbons. Hydrocarbon fluids
may include, entrain, or be entrained in non-hydrocarbon
fluids such as hydrogen, nitrogen, carbon monoxide, carbon
dioxide, hydrogen sulfide, water, and ammonia.

[0275] An “in situ conversion process” refers to a process
of heating a hydrocarbon containing formation from heat
sources to raise the temperature of at least a portion of the
formation above a pyrolysis temperature so that pyrolyzation
fluid is produced in the formation.

[0276] An “in situ heat treatment process” refers to a pro-
cess of heating a hydrocarbon containing formation with heat
sources to raise the temperature of at least a portion of the
formation above a temperature that results in mobilized fluid,
visbreaking, and/or pyrolysis of hydrocarbon containing
material so that mobilized fluids, visbroken fluids, and/or
pyrolyzation fluids are produced in the formation.

[0277] “Insulated conductor” refers to any elongated mate-
rial that is able to conduct electricity and that is covered, in
whole or in part, by an electrically insulating material.
[0278] “Karst” is a subsurface shaped by the dissolution of
a soluble layer or layers of bedrock, usually carbonate rock
such as limestone or dolomite. The dissolution may be caused
by meteoric or acidic water. The Grosmont formation in
Alberta, Canada is an example of a karst (or “karsted”) car-
bonate formation.

[0279] “Kerogen”is a solid, insoluble hydrocarbon thathas
been converted by natural degradation and that principally
contains carbon, hydrogen, nitrogen, oxygen, and sulfur.
Coal and oil shale are typical examples of materials that
contain kerogen. “Bitumen” is a non-crystalline solid or vis-
cous hydrocarbon material that is substantially soluble in
carbon disulfide. “Oil” is a fluid containing a mixture of
condensable hydrocarbons.

[0280] “Kerosene” refers to hydrocarbons with a boiling
range distribution between 204° C. and 260° C. at 0.101 MPa.
Kerosene content is determined by ASTM Method D2887.
[0281] “Modulated direct current (DC)” refers to any sub-
stantially non-sinusoidal time-varying current that produces
skin effect electricity flow in a ferromagnetic conductor.
[0282] “Naphtha” refers to hydrocarbon components with a
boiling range distribution between 38° C. and 200° C. at
0.101 MPa. Naphtha content is determined by American
Standard Testing and Materials (ASTM) Method D5307.
[0283] “Nitride” refers to a compound of nitrogen and one
or more other elements of the Periodic Table. Nitrides
include, but are not limited to, silicon nitride, boron nitride, or
alumina nitride.

[0284] “Octane Number” refers to a calculated numerical
representation of the antiknock properties of a motor fuel
compared to a standard reference fuel. A calculated octane
number is determined by ASTM Method D6730.
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[0285] “Olefins” are molecules that include unsaturated
hydrocarbons having one or more non-aromatic carbon-car-
bon double bonds.

[0286] “Orifices” refer to openings, such as openings in
conduits, having a wide variety of sizes and cross-sectional
shapes including, but not limited to, circles, ovals, squares,
rectangles, triangles, slits, or other regular or irregular shapes.
[0287] “Periodic Table” refers to the Periodic Table as
specified by the International Union of Pure and Applied
Chemistry (IUPAC), November 2003. In the scope of this
application, weight of a metal from the Periodic Table, weight
of'a compound of a metal from the Periodic Table, weight of
an element from the Periodic Table, or weight of a compound
of an element from the Periodic Table is calculated as the
weight of metal or the weight of element. For example, if 0.1
grams of MoQOj is used per gram of catalyst, the calculated
weight of the molybdenum metal in the catalyst is 0.067
grams per gram of catalyst.

[0288] “Physical stability” refers the ability of a formation
fluid to not exhibit phase separation or flocculation during
transportation of the fluid. Physical stability is determined by
ASTM Method D7060.

[0289] “Pyrolysis™ is the breaking of chemical bonds dueto
the application of heat. For example, pyrolysis may include
transforming a compound into one or more other substances
by heat alone. Heat may be transferred to a section of the
formation to cause pyrolysis.

[0290] “Pyrolyzation fluids” or “pyrolysis products” refers
to fluid produced substantially during pyrolysis of hydrocar-
bons. Fluid produced by pyrolysis reactions may mix with
other fluids in a formation. The mixture would be considered
pyrolyzation fluid or pyrolyzation product. As used herein,
“pyrolysis zone” refers to a volume of a formation (for
example, a relatively permeable formation such as a tar sands
formation) that is reacted or reacting to form a pyrolyzation
fluid.

[0291] “Rich layers” in a hydrocarbon containing forma-
tion are relatively thin layers (typically about 0.2 m to about
0.5 m thick). Rich layers generally have a richness of about
0.150 L/kg or greater. Some rich layers have a richness of
about 0.170 L/kg or greater, of about 0.190 L/kg or greater, or
of'about 0.210 L/kg or greater. Lean layers of the formation
have a richness of about 0.100 L/kg or less and are generally
thicker than rich layers. The richness and locations of layers
are determined, for example, by coring and subsequent Fis-
cher assay of the core, density or neutron logging, or other
logging methods. Rich layers may have a lower initial thermal
conductivity than other layers of the formation. Typically,
rich layers have a thermal conductivity 1.5 times to 3 times
lower than the thermal conductivity of lean layers. In addi-
tion, rich layers have a higher thermal expansion coefficient
than lean layers of the formation.

[0292] “‘Smart well technology” or “smart wellbore” refers
to wells that incorporate downhole measurement and/or con-
trol. For injection wells, smart well technology may allow for
controlled injection of fluid into the formation in desired
zones. For production wells, smart well technology may
allow for controlled production of formation fluid from
selected zones. Some wells may include smart well technol-
ogy that allows for formation fluid production from selected
zones and simultaneous or staggered solution injection into
other zones. Smart well technology may include fiber optic
systems and control valves in the wellbore. A smart wellbore
used for an in situ heat treatment process may be Westbay
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Multilevel Well System MP55 available from Westbay Instru-
ments Inc. (Burnaby, British Columbia, Canada).

[0293] “Subsidence” is adownward movement of a portion
of a formation relative to an initial elevation of the surface.
[0294] “Superposition of heat” refers to providing heat
from two or more heat sources to a selected section of a
formation such that the temperature of the formation at least
at one location between the heat sources is influenced by the
heat sources.

[0295] “Synthesis gas™is amixture including hydrogen and
carbon monoxide. Additional components of synthesis gas
may include water, carbon dioxide, nitrogen, methane, and
other gases. Synthesis gas may be generated by a variety of
processes and feedstocks. Synthesis gas may be used for
synthesizing a wide range of compounds.

[0296] “Tar” is a viscous hydrocarbon that generally has a
viscosity greater than about 10,000 centipoise at 15° C. The
specific gravity of tar generally is greater than 1.000. Tar may
have an API gravity less than 10°.

[0297] A ““tar sands formation” is a formation in which
hydrocarbons are predominantly present in the form of heavy
hydrocarbons and/or tar entrained in a mineral grain frame-
work or other host lithology (for example, sand or carbonate).
Examples of tar sands formations include formations such as
the Athabasca formation, the Grosmont formation, and the
Peace River formation, all three in Alberta, Canada; and the
Faj a formation in the Orinoco belt in Venezuela.

[0298] “Temperature limited heater” generally refers to a
heater that regulates heat output (for example, reduces heat
output) above a specified temperature without the use of
external controls such as temperature controllers, power
regulators, rectifiers, or other devices. Temperature limited
heaters may be AC (alternating current) or modulated (for
example, “chopped”) DC (direct current) powered electrical
resistance heaters.

[0299] “Thermally conductive fluid” includes fluid that has
a higher thermal conductivity than air at standard temperature
and pressure (STP) (0° C. and 101.325 kPa).

[0300] “Thermal conductivity” is a property of a material
that describes the rate at which heat flows, in steady state,
between two surfaces of the material for a given temperature
difference between the two surfaces.

[0301] “Thermal fracture” refers to fractures created in a
formation caused by expansion or contraction of a formation
and/or fluids in the formation, which is in turn caused by
increasing/decreasing the temperature of the formation and/
or fluids in the formation, and/or by increasing/decreasing a
pressure of fluids in the formation due to heating.

[0302] “Thickness” of a layer refers to the thickness of a
cross section of the layer, wherein the cross section is normal
to a face of the layer.

[0303] “Time-varying current” refers to electrical current
that produces skin effect electricity flow in a ferromagnetic
conductor and has a magnitude that varies with time. Time-
varying current includes both alternating current (AC) and
modulated direct current (DC).

[0304] “Triad” refers to a group of three items (for example,
heaters, wellbores, or other objects) coupled together.
[0305] “Turndown ratio” for the temperature limited heater
is the ratio of the highest AC or modulated DC resistance
below the Curie temperature to the lowest resistance above
the Curie temperature for a given current.

[0306] A “u-shaped wellbore” refers to a wellbore that
extends from a first opening in the formation, through at least
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a portion of the formation, and out through a second opening
in the formation. In this context, the wellbore may be only
roughly in the shape of a “v”* or “u”, with the understanding
that the “legs” of the “u” do not need to be parallel to each
other, or perpendicular to the “bottom™ of the “u” for the
wellbore to be considered “unshaped”.

[0307] “Upgrade” refers to increasing the quality of hydro-
carbons. For example, upgrading heavy hydrocarbons may
result in an increase in the API gravity of the heavy hydro-
carbons.

[0308] “Visbreaking” refers to the untangling of molecules
in fluid during heat treatment and/or to the breaking of large
molecules into smaller molecules during heat treatment,
which results in a reduction of the viscosity of the fluid.

[0309] “VGO” or “vacuum gas oil” refers to hydrocarbons
with a boiling range distribution between 343° C. and 538° C.
at 0.101 MPa. VGO content is determined by ASTM Method
D5307.

[0310] A “vug”is a cavity, void or large pore in a rock that
is commonly lined with mineral precipitates.

[0311] “Wax” refers to a refers to a low melting organic
mixture, or a compound of high molecular weight that is a
solid at lower temperatures and a liquid at higher tempera-
tures, and when in solid form can form a barrier to water.
Examples of waxes include animal waxes, vegetable waxes,
mineral waxes, petroleum waxes, and synthetic waxes.

[0312] The term “wellbore” refers to a hole in a formation
made by drilling or insertion of a conduit into the formation.
A wellbore may have a substantially circular cross section, or
another cross-sectional shape. As used herein, the terms
“well” and “opening,” when referring to an opening in the
formation may be used interchangeably with the term “well-
bore”

[0313] Hydrocarbons in formations may be treated in vari-
ous ways to produce many different products. In certain
embodiments, hydrocarbons in formations are treated in
stages. FIG. 1 depicts an illustration of stages of heating the
hydrocarbon containing formation. FIG. 1 also depicts an
example of yield (“Y”) in barrels of oil equivalent per ton (y
axis) of formation fluids from the formation versus tempera-
ture (““I"””) of the heated formation in degrees Celsius (x axis).

[0314] Desorption of methane and vaporization of water
occurs during stage 1 heating. Heating of the formation
through stage 1 may be performed as quickly as possible. For
example, when the hydrocarbon containing formation is ini-
tially heated, hydrocarbons in the formation desorb adsorbed
methane. The desorbed methane may be produced from the
formation. If the hydrocarbon containing formation is heated
further, water in the hydrocarbon containing formation is
vaporized. Water may occupy, in some hydrocarbon contain-
ing formations, between 10% and 50% of the pore volume in
the formation. In other formations, water occupies larger or
smaller portions of the pore volume. Water typically is vapor-
ized in a formation between 160° C. and 285° C. at pressures
of 600 kPa absolute to 7000 kPa absolute. In some embodi-
ments, the vaporized water produces wettability changes in
the formation and/or increased formation pressure. The wet-
tability changes and/or increased pressure may aftect pyroly-
sis reactions or other reactions in the formation. In certain
embodiments, the vaporized water is produced from the for-
mation. In other embodiments, the vaporized water is used for
steam extraction and/or distillation in the formation or out-
side the formation. Removing the water from and increasing
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the pore volume in the formation increases the storage space
for hydrocarbons in the pore volume.

[0315] In certain embodiments, after stage 1 heating, the
formation is heated further, such that a temperature in the
formation reaches (at least) an initial pyrolyzation tempera-
ture (such as a temperature at the lower end of the temperature
range shown as stage 2). Hydrocarbons in the formation may
be pyrolyzed throughout stage 2. A pyrolysis temperature
range varies depending on the types of hydrocarbons in the
formation. The pyrolysis temperature range may include tem-
peratures between 250° C. and 900° C. The pyrolysis tem-
perature range for producing desired products may extend
through only a portion of the total pyrolysis temperature
range. In some embodiments, the pyrolysis temperature range
for producing desired products may include temperatures
between 250° C. and 400° C. or temperatures between 270°
C. and 350° C. If a temperature of hydrocarbons in the for-
mation is slowly raised through the temperature range from
250° C. to 400° C., production of pyrolysis products may be
substantially complete when the temperature approaches
400° C. Average temperature of the hydrocarbons may be
raised at a rate of less than 5° C. per day, less than 2° C. per
day, less than 1° C. per day, or less than 0.5° C. per day
through the pyrolysis temperature range for producing
desired products. Heating the hydrocarbon containing forma-
tion with a plurality of heat sources may establish thermal
gradients around the heat sources that slowly raise the tem-
perature ofhydrocarbons in the formation through the pyroly-
sis temperature range.

[0316] Therate of temperature increase through the pyroly-
sis temperature range for desired products may affect the
quality and quantity of the formation fluids produced from the
hydrocarbon containing formation. Raising the temperature
slowly through the pyrolysis temperature range for desired
products may inhibit mobilization of large chain molecules in
the formation. Raising the temperature slowly through the
pyrolysis temperature range for desired products may limit
reactions between mobilized hydrocarbons that produce
undesired products. Slowly raising the temperature of the
formation through the pyrolysis temperature range for
desired products may allow for the production of high quality,
high API gravity hydrocarbons from the formation. Slowly
raising the temperature of the formation through the pyrolysis
temperature range for desired products may allow for the
removal of a large amount of the hydrocarbons present in the
formation as hydrocarbon product.

[0317] In some in situ heat treatment embodiments, a por-
tion of the formation is heated to a desired temperature
instead of slowly heating the temperature through a tempera-
ture range. In some embodiments, the desired temperature is
300° C., 325° C., or 350° C. Other temperatures may be
selected as the desired temperature. Superposition of heat
from heat sources allows the desired temperature to be rela-
tively quickly and efficiently established in the formation.
Energy input into the formation from the heat sources may be
adjusted to maintain the temperature in the formation sub-
stantially at the desired temperature. The heated portion of the
formation is maintained substantially at the desired tempera-
ture until pyrolysis declines such that production of desired
formation fluids from the formation becomes uneconomical.
Parts of the formation that are subjected to pyrolysis may
include regions brought into a pyrolysis temperature range by
heat transfer from only one heat source.
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[0318] In certain embodiments, formation fluids including
pyrolyzation fluids are produced from the formation. As the
temperature of the formation increases, the amount of con-
densable hydrocarbons in the produced formation fluid may
decrease. At high temperatures, the formation may produce
mostly methane and/or hydrogen. If the hydrocarbon contain-
ing formation is heated throughout an entire pyrolysis range,
the formation may produce only small amounts of hydrogen
towards an upper limit of the pyrolysis range. After all of the
available hydrogen is depleted, a minimal amount of fluid
production from the formation will typically occur.

[0319] After pyrolysis of hydrocarbons, a large amount of
carbon and some hydrogen may still be present in the forma-
tion. A significant portion of carbon remaining in the forma-
tion can be produced from the formation in the form of syn-
thesis gas. Synthesis gas generation may take place during
stage 3 heating depicted in FIG. 1. Stage 3 may include
heating a hydrocarbon containing formation to a temperature
sufficient to allow synthesis gas generation. For example,
synthesis gas may be produced in a temperature range from
about 400° C. to about 1200° C., about 500° C. to about 1100°
C., orabout 550° C. to about 1000° C. The temperature of the
heated portion of the formation when the synthesis gas gen-
erating fluid is introduced to the formation determines the
composition of synthesis gas produced in the formation. The
generated synthesis gas may be removed from the formation
through a production well or production wells.

[0320] Total energy content of fluids produced from the
hydrocarbon containing formation may stay relatively con-
stant throughout pyrolysis and synthesis gas generation. Dur-
ing pyrolysis at relatively low formation temperatures, a sig-
nificant portion of the produced fluid may be condensable
hydrocarbons that have a high energy content. At higher
pyrolysis temperatures, however, less of the formation fluid
may include condensable hydrocarbons. More non-condens-
able formation fluids may be produced from the formation.
Energy content per unit volume of the produced fluid may
decline slightly during generation of predominantly non-con-
densable formation fluids. During synthesis gas generation,
energy content per unit volume of produced synthesis gas
declines significantly compared to energy content of pyro-
lyzation fluid. The volume of the produced synthesis gas,
however, will in many instances increase substantially,
thereby compensating for the decreased energy content.
[0321] FIG. 2 depicts a schematic view of an embodiment
of'a portion of the in situ heat treatment system for treating the
hydrocarbon containing formation. The in situ heat treatment
system may include barrier wells 200. Barrier wells are used
to form a barrier around a treatment area. The barrier inhibits
fluid flow into and/or out of the treatment area. Barrier wells
include, but are not limited to, dewatering wells, vacuum
wells, capture wells, injection wells, grout wells, freeze wells,
or combinations thereof. In some embodiments, barrier wells
200 are dewatering wells. Dewatering wells may remove
liquid water and/or inhibit liquid water from entering a por-
tion of the formation to be heated, or to the formation being
heated. In the embodiment depicted in FIG. 2, the barrier
wells 200 are shown extending only along one side of heat
sources 202, but the barrier wells typically encircle all heat
sources 202 used, or to be used, to heat a treatment area of the
formation.

[0322] Heat sources 202 are placed in at least a portion of
the formation. Heat sources 202 may include heaters such as
insulated conductors, conductor-in-conduit heaters, surface
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burners, flameless distributed combustors, and/or natural dis-
tributed combustors. Heat sources 202 may also include other
types of heaters. Heat sources 202 provide heat to at least a
portion of the formation to heat hydrocarbons in the forma-
tion. Energy may be supplied to heat sources 202 through
supply lines 204. Supply lines 204 may be structurally differ-
ent depending on the type of heat source or heat sources used
to heat the formation. Supply lines 204 for heat sources may
transmit electricity for electric heaters, may transport fuel for
combustors, or may transport heat exchange fluid that is cir-
culated in the formation. In some embodiments, electricity
for an in situ heat treatment process may be provided by a
nuclear power plant or nuclear power plants. The use of
nuclear power may allow for reduction or elimination of
carbon dioxide emissions from the in situ heat treatment
process.

[0323] When the formation is heated, the heat input into the
formation may cause expansion of the formation and geome-
chanical motion. The heat sources may be turned on before, at
the same time, or during a dewatering process. Computer
simulations may model formation response to heating. The
computer simulations may be used to develop a pattern and
time sequence for activating heat sources in the formation so
that geomechanical motion of the formation does not
adversely affect the functionality of heat sources, production
wells, and other equipment in the formation.

[0324] Heating the formation may cause an increase in
permeability and/or porosity of the formation. Increases in
permeability and/or porosity may result from a reduction of
mass in the formation due to vaporization and removal of
water, removal of hydrocarbons, and/or creation of fractures.
Fluid may flow more easily in the heated portion of the
formation because of the increased permeability and/or
porosity of the formation. Fluid in the heated portion of the
formation may move a considerable distance through the
formation because of the increased permeability and/or
porosity. The considerable distance may be over 1000 m
depending on various factors, such as permeability of the
formation, properties of the fluid, temperature of the forma-
tion, and pressure gradient allowing movement of the fluid.
The ability of fluid to travel considerable distance in the
formation allows production wells 206 to be spaced relatively
far apart in the formation.

[0325] Production wells 206 are used to remove formation
fluid from the formation. In some embodiments, production
well 206 includes a heat source. The heat source in the pro-
duction well may heat one or more portions of the formation
at or near the production well. In some in situ heat treatment
process embodiments, the amount of heat supplied to the
formation from the production well per meter of the produc-
tion well is less than the amount of heat applied to the forma-
tion from a heat source that heats the formation per meter of
the heat source. Heat applied to the formation from the pro-
duction well may increase formation permeability adjacent to
the production well by vaporizing and removing liquid phase
fluid adjacent to the production well and/or by increasing the
permeability of the formation adjacent to the production well
by formation of macro and/or micro fractures.

[0326] More than one heat source may be positioned in the
production well. A heat source in a lower portion of the
production well may be turned off when superposition of heat
from adjacent heat sources heats the formation sufficiently to
counteract benefits provided by heating the formation with
the production well. In some embodiments, the heat source in
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an upper portion of the production well may remain on after
the heat source in the lower portion of the production well is
deactivated. The heat source in the upper portion of the well
may inhibit condensation and reflux of formation fluid.
[0327] Insomeembodiments, the heatsource in production
well 206 allows for vapor phase removal of formation fluids
from the formation. Providing heating at or through the pro-
duction well may: (1) inhibit condensation and/or refluxing of
production fluid when such production fluid is moving in the
production well proximate the overburden, (2) increase heat
input into the formation, (3) increase production rate from the
production well as compared to a production well without a
heat source, (4) inhibit condensation of high carbon number
compounds (C4 and above) in the production well, and/or (5)
increase formation permeability at or proximate the produc-
tion well.

[0328] Subsurface pressure in the formation may corre-
spond to the fluid pressure generated in the formation. As
temperatures in the heated portion of the formation increase,
the pressure in the heated portion may increase as a result of
increased fluid generation and vaporization of water. Control-
ling rate of fluid removal from the formation may allow for
control of pressure in the formation. Pressure in the formation
may be determined at a number of different locations, such as
near or at production wells, near or at heat sources, or at
monitor wells.

[0329] In some hydrocarbon containing formations, pro-
duction of hydrocarbons from the formation is inhibited until
at least some hydrocarbons in the formation have been pyro-
lyzed. Formation fluid may be produced from the formation
when the formation fluid is of a selected quality. In some
embodiments, the selected quality includes an API gravity of
at least about 20°, 30°, or 40°. Inhibiting production until at
least some hydrocarbons are pyrolyzed may increase conver-
sion of heavy hydrocarbons to light hydrocarbons. Inhibiting
initial production may minimize the production of heavy
hydrocarbons from the formation. Production of substantial
amounts of heavy hydrocarbons may require expensive
equipment and/or reduce the life of production equipment.
[0330] Insome hydrocarbon containing formations, hydro-
carbons in the formation may be heated to pyrolysis tempera-
tures before substantial permeability has been generated in
the heated portion of the formation. An initial lack of perme-
ability may inhibit the transport of generated fluids to pro-
duction wells 206. During initial heating, fluid pressure in the
formation may increase proximate heat sources 202. The
increased fluid pressure may be released, monitored, altered,
and/or controlled through one or more heat sources 202. For
example, selected heat sources 202 or separate pressure relief
wells may include pressure relief valves that allow for
removal of some fluid from the formation.

[0331] In some embodiments, pressure generated by
expansion of pyrolysis fluids or other fluids generated in the
formation may be allowed to increase although an open path
to production wells 206 or any other pressure sink may not yet
exist in the formation. The fluid pressure may be allowed to
increase towards a lithostatic pressure. Fractures in the hydro-
carbon containing formation may form when the fluid
approaches the lithostatic pressure. For example, fractures
may form from heat sources 202 to production wells 206 in
the heated portion of the formation. The generation of frac-
tures in the heated portion may relieve some of the pressure in
the portion. Pressure in the formation may have to be main-
tained below a selected pressure to inhibit unwanted produc-
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tion, fracturing of the overburden or underburden, and/or
coking of hydrocarbons in the formation.

[0332] After pyrolysis temperatures are reached and pro-
duction from the formation is allowed, pressure in the forma-
tion may be varied to alter and/or control a composition of
formation fluid produced, to control a percentage of condens-
able fluid as compared to non-condensable fluid in the for-
mation fluid, and/or to control an API gravity of formation
fluid being produced. For example, decreasing pressure may
result in production of a larger condensable fluid component.
The condensable fluid component may contain a larger per-
centage of olefins.

[0333] Insome insitu heattreatment process embodiments,
pressure in the formation may be maintained high enough to
promote production of formation fluid with an API gravity of
greater than 20°. Maintaining increased pressure in the for-
mation may inhibit formation subsidence during in situ heat
treatment. Maintaining increased pressure may facilitate
vapor phase production of fluids from the formation. Vapor
phase production may allow for a reduction in size of collec-
tion conduits used to transport fluids produced from the for-
mation. Maintaining increased pressure may reduce or elimi-
nate the need to compress formation fluids at the surface to
transport the fluids in collection conduits to treatment facili-
ties.

[0334] Maintaining increased pressure in a heated portion
of the formation may surprisingly allow for production of
large quantities of hydrocarbons of increased quality and of
relatively low molecular weight. Pressure may be maintained
so that formation fluid produced has a minimal amount of
compounds above a selected carbon number. The selected
carbon number may be at most 25, at most 20, at most 12, or
at most 8. Some high carbon number compounds may be
entrained in vapor in the formation and may be removed from
the formation with the vapor. Maintaining increased pressure
in the formation may inhibit entrainment ofhigh carbon num-
ber compounds and/or multi-ring hydrocarbon compounds in
the vapor. High carbon number compounds and/or multi-ring
hydrocarbon compounds may remain in a liquid phase in the
formation for significant time periods. The significant time
periods may provide sufficient time for the compounds to
pyrolyze to form lower carbon number compounds.

[0335] Generation of relatively low molecular weight
hydrocarbons is believed to be due, in part, to autogenous
generation and reaction of hydrogen in a portion of the hydro-
carbon containing formation. For example, maintaining an
increased pressure may force hydrogen generated during
pyrolysis into the liquid phase within the formation. Heating
the portion to a temperature in a pyrolysis temperature range
may pyrolyze hydrocarbons in the formation to generate lig-
uid phase pyrolyzation fluids. The generated liquid phase
pyrolyzation fluids components may include double bonds
and/or radicals. Hydrogen (H,) in the liquid phase may
reduce double bonds of the generated pyrolyzation fluids,
thereby reducing a potential for polymerization or formation
of long chain compounds from the generated pyrolyzation
fluids. In addition, H, may also neutralize radicals in the
generated pyrolyzation fluids. Therefore, H, in the liquid
phase may inhibit the generated pyrolyzation fluids from
reacting with each other and/or with other compounds in the
formation.

[0336] Formation fluid produced from production wells
206 may be transported through collection piping 208 to
treatment facilities 210. Formation fluids may also be pro-
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duced from heat sources 202. For example, fluid may be
produced from heat sources 202 to control pressure in the
formation adjacent to the heat sources. Fluid produced from
heat sources 202 may be transported through tubing or piping
to collection piping 208 or the produced fluid may be trans-
ported through tubing or piping directly to treatment facilities
210. Treatment facilities 210 may include separation units,
reaction units, upgrading units, fuel cells, turbines, storage
vessels, and/or other systems and units for processing pro-
duced formation fluids. The treatment facilities may form
transportation fuel from at least a portion of the hydrocarbons
produced from the formation. In some embodiments, the
transportation fuel may be jet fuel, such as JP-8.

[0337] Formation fluid may be hot when produced from the
formation through the production wells. Hot formation fluid
may be produced during solution mining processes and/or
during in situ heat treatment processes. In some embodi-
ments, electricity may be generated using the heat of the fluid
produced from the formation. Also, heat recovered from the
formation after the in situ process may be used to generate
electricity. The generated electricity may be used to supply
power to the in situ heat treatment process. For example, the
electricity may be used to power heaters, or to power a refrig-
eration system for forming or maintaining a low temperature
barrier. Electricity may be generated using a Kalina cycle or
a modified Kalina cycle.

[0338] FIG. 3 depicts a schematic representation of a
Kalina cycle that uses relatively high pressure aqua ammonia
as the working fluid. Hot produced fluid from the formation
may pass through line 212 to heat exchanger 214. The pro-
duced fluid may have a temperature greater than about 100°
C. Line 216 from heat exchanger 214 may direct the produced
fluid to a separator or other treatment unit. In some embodi-
ments, the produced fluid is a mineral containing fluid pro-
duced during solution mining. In some embodiments, the
produced fluid includes hydrocarbons produced using an in
situ heat treatment process or using an in situ mobilization
process. Heat from the produced fluid is used to evaporate
aqua ammonia in heat exchanger 214.

[0339] Aqua ammonia from tank 218 is directed by pump
220 to heat exchanger 214 and heat exchanger 222. Aqua
ammonia from heat exchangers 214, 222 passes to separator
224. Separator 224 forms a rich ammonia gas stream and a
lean ammonia gas stream. The rich ammonia gas stream is
sent to turbine 226 to generate electricity.

[0340] The lean ammonia gas stream from separator 224
passes through heat exchanger 222. The lean gas stream leav-
ing heat exchanger 222 is combined with the rich ammonia
gas stream leaving turbine 226. The combination stream is
passed through heat exchanger 228 and returned to tank 218.
Heat exchanger 228 may be water cooled. Heater water from
heat exchanger 228 may be sent to a surface water reservoir
through line 230.

[0341] FIG.4 depicts a schematic representation of a modi-
fied Kalina cycle that uses lower pressure aqua ammonia as
the working fluid. Hot produced fluid from the formation may
pass through line 212 to heat exchanger 214. The produced
fluid may have a temperature greater than about 100° C.
Second heat exchanger 232 may further reduce the tempera-
ture of the produced fluid from the formation before the fluid
is sent through line 216 to a separator or other treatment unit.
Second heat exchanger may be water cooled.

[0342] Aqua ammonia from tank 218 is directed by pump
220 to heat exchanger 234. The temperature of the aqua
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ammonia from tank 218 is raised in heat exchanger 234 by
heat transfer with a combined aqua ammonia stream from
turbine 226 and separator 224. The aqua ammonia stream
from heat exchanger 234 passes to heat exchanger 236. The
temperature of the stream is raised again by transfer of heat
with a lean ammonia stream that exits separator 224. The
stream then passes to heat exchanger 214. Heat from the
produced fluid is used to evaporate aqua ammonia in heat
exchanger 214. The aqua ammonia passes to separator 224.
[0343] Separator 224 forms a rich ammonia gas stream and
a lean ammonia gas stream. The rich ammonia gas stream is
sent to turbine 226 to generate electricity. The lean ammonia
gas stream passes through heat exchanger 236. After heat
exchanger 236, the lean ammonia gas stream is combined
with the rich ammonia gas stream leaving turbine 226. The
combined gas stream is passed through heat exchanger 234 to
cooler 238. After cooler 238, the stream returns to tank 218.
[0344] In some embodiments, formation fluid produced
from the in situ heat treatment process is sent to a separator to
split the stream into one or more in situ heat treatment process
liquid streams and/or one or more in situ heat treatment pro-
cess gas streams. The liquid streams and the gas streams may
be further treated to yield desired products.

[0345] Insome embodiments, in situ heat treatment process
gas is treated at the site of the formation to produce hydrogen.
Treatment processes to produce hydrogen from the in situ
heat treatment process gas may include steam methane
reforming, autothermal reforming, and/or partial oxidation
reforming.

[0346] All or at least a portion of a gas stream may be
treated to yield a gas that meets natural gas pipeline specifi-
cations. FIGS. 5, 6, 7, 8, and 9 depict schematic representa-
tions of embodiments of systems for producing pipeline gas
from the in situ heat treatment process gas stream.

[0347] As depicted in FIG. 5, in situ heat treatment process
gas 240 enters unit 242. In unit 242, treatment of in situ heat
treatment process gas 240 removes sulfur compounds, carbon
dioxide, and/or hydrogen to produce gas stream 244. Unit 242
may include a physical treatment system and/or a chemical
treatment system. The physical treatment system includes,
but is not limited to, a membrane unit, a pressure swing
adsorption unit, a liquid absorption unit, and/or a cryogenic
unit. The chemical treatment system may include units that
use amines (for example, diethanolamine or di-isopropano-
lamine), zinc oxide, sulfolane, water, or mixtures thereof in
the treatment process. In some embodiments, unit 242 uses a
Sulfinol gas treatment process for removal of sulfur com-
pounds. Carbon dioxide may be removed using Catacarb®
(Catacarb, Overland Park, Kans., U.S.A.) and/or Benfield
(UOP, Des Plaines, Il1., U.S.A.) gas treatment processes.
[0348] Gas stream 244 may include, but is not limited to,
hydrogen, carbon monoxide, methane, and hydrocarbons
having a carbon number of at least 2 or mixtures thereof. In
some embodiments, gas stream 244 includes nitrogen and/or
rare gases such as argon or helium. In some embodiments, gas
stream 244 includes from about 0.0001 grams (g) to about 0.1
g, from about 0.001 g to about 0.05 g, or from about 0.01 g to
about 0.03 g of hydrogen, per gram of gas stream. In certain
embodiments, gas stream 244 includes from about 0.01 g to
about 0.6 g, from about 0.1 gto about 0.5 g, or from about 0.2
g to 0.4 g of methane, per gram of gas stream.

[0349] In some embodiments, gas stream 244 includes
from about 0.00001 g to about 0.01 g, from about 0.0005 g to
about 0.005 g, or from about 0.0001 g to about 0.001 g of
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carbon monoxide, per gram of gas stream. In certain embodi-
ments, gas stream 244 includes trace amounts of carbon diox-
ide.

[0350] In certain embodiments, gas stream 244 may
include from about 0.0001 g to about 0.5 g, from about 0.001
g to about 0.2 g, or from about 0.01 g to about 0.1 g of
hydrocarbons having a carbon number of at least 2, per gram
of gas stream. Hydrocarbons having a carbon number of at
least 2 include paraffins and olefins. Paraffins and olefins
include, but are not limited to, ethane, ethylene, acetylene,
propane, propylene, butanes, butylenes, or mixtures thereof.
In some embodiments, hydrocarbons having a carbon number
of'atleast 2 include from about 0.00001 g to about 0.5 g, from
about 0.001 g to about 0.2 g, or from about 0.01 g to about 0.1
g of a mixture of ethylene, ethane, and propylene. In some
embodiments, hydrocarbons having a carbon number of at
least 2 includes trace amounts of hydrocarbons having a
carbon number of at least 4.

[0351] Pipeline gas (for example, natural gas) after treat-
ment to remove the hydrogen sulfide, includes methane,
ethane, propane, butane, carbon dioxide, oxygen, nitrogen,
and small amounts of rare gases. Typically, treated natural gas
includes, per gram of natural gas, about 0.7 g to about 0.98 g
of' methane; about 0.0001 g to about 0.2 g or from about 0.001
g to about 0.05 g of a mixture of ethane, propane, and butane;
about 0.0001 g to about 0.8 g or from about 0.001 g to about
0.02 g of carbon dioxide; about 0.00001 g to about 0.02 g or
from about 0.0001 to about 0.002 of oxygen; trace amounts of
rare gases; and the balance being nitrogen. Such treated natu-
ral gas has a heat content of about 40 MJ/Nm> to about 50
MJ/Nm®.

[0352] Since gas stream 244 differs in composition from
treated natural gas, gas stream 244 may not meet pipeline gas
requirements. Emissions generated during burning of gas
stream 244 may be unacceptable and/or not meet regulatory
standards if the gas stream is to be used as a fuel. Gas stream
244 may include components or amounts of components that
make the gas stream undesirable for use as a feed stream for
making additional products.

[0353] In some embodiments, hydrocarbons having a car-
bon number greater than 2 are separated from gas stream 244.
These hydrocarbons may be separated using cryogenic pro-
cesses, adsorption processes, and/or membrane processes.
Removal of hydrocarbons having a carbon number greater
than 2 from gas stream 244 may facilitate and/or enhance
further processing of the gas stream.

[0354] Processunits as described herein may be operated at
the following temperatures, pressures, hydrogen source
flows, and gas stream flows, or operated otherwise as known
in the art. Temperatures may range from about 50° C. to about
600° C., from about 100° C. to about 500° C., or from about
200° C. to about 400° C. Pressures may range from about 0.1
MPa to about 20 MPa, from about 1 MPa to about 12 MPa,
from about 4 MPa to about 10 MPa, or from about 6 MPa to
about 8 MPa. Flows of gas streams through units described
herein may range from about 5 metric tons of gas stream per
day (“MT/D”) to about 15,000 MT/D. In some embodiments,
flows of gas streams through units described herein range
from about 10 MT/D to 10,000 MT/D or from about 15 MT/D
to about 5,000 MT/D. In some embodiments, the hourly
volume of gas processed is 5,000 to 25,000 times the volume
of catalyst in one or more processing units.

[0355] As depicted in FIG. 5, gas stream 244 and hydrogen
source 246 enter hydrogenation unit 248. Hydrogen source
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246 includes, but is not limited to, hydrogen gas, hydrocar-
bons, and/or any compound capable of donating a hydrogen
atom. In some embodiments, hydrogen source 246 is mixed
with gas stream 244 prior to entering hydrogenation unit 248.
In some embodiments, the hydrogen source is hydrogen and/
or hydrocarbons present in gas stream 244. In hydrogenation
unit 248, contact of gas stream 244 with hydrogen source 246
in the presence of one or more catalysts hydrogenates unsat-
urated hydrocarbons in gas stream 244 and produces gas
stream 250. Gas stream 250 may include hydrogen and satu-
rated hydrocarbons such as methane, ethane, and propane.
Hydrogenation unit 248 may include a knock-out pot. The
knock-out pot removes any heavy by-products 252 from the
product gas stream.

[0356] Gas stream 250 exits hydrogenation unit 248 and
enters hydrogen separation unit 254. Hydrogen separation
unit 254 is any suitable unit capable of separating hydrogen
from the incoming gas stream. Hydrogen separation unit 254
may be a membrane unit, a pressure swing adsorption unit, a
liquid absorption unit, or a cryogenic unit. In certain embodi-
ments, hydrogen separation unit 254 is a membrane unit.
Hydrogen separation unit 254 may include PRISM® mem-
branes available from Air Products and Chemicals, Inc.
(Allentown, Pa., U.S.A.). The membrane separation unit may
be operated at a temperature ranging from about 50° C. to
about 80° C. (for examples, at a temperature of about 66° C.).
Inhydrogen separation unit 254, separation of hydrogen from
gas stream 250 produces hydrogen rich stream 256 and gas
stream 258. Hydrogen rich stream 256 may be used in other
processes, or, in some embodiments, as hydrogen source 246
for hydrogenation unit 248.

[0357] In some embodiments, hydrogen separation unit
254 is a cryogenic unit. When hydrogen separation unit 254 is
a cryogenic unit, gas stream 250 may be separated into a
hydrogen rich stream, a methane rich stream, and/or a gas
stream that contains components having a boiling point
greater than or equal to ethane.

[0358] In some embodiments, hydrogen content in gas
stream 258 is acceptable and further separation of hydrogen
from gas stream 258 is not needed. When the hydrogen con-
tent in gas stream 258 is acceptable, the gas stream may be
suitable for use as pipeline gas.

[0359] Further removal of hydrogen from gas stream 258
may be desired. In some embodiments, hydrogen is separated
from gas stream 258 using a membrane. An example of a
hydrogen separation membrane is described in U.S. Pat. No.
6,821,501 to Matzakos et al, which is incorporated by refer-
ence as if fully set forth herein.

[0360] In some embodiments, a method of removing
hydrogen from gas stream 258 includes converting hydrogen
to water. Gas stream 258 exits hydrogen separation unit 254
and enters oxidation unit 260, as shown in FIG. 5. Oxidation
source 262 also enters oxidation unit 260. In oxidation unit
260, contact of gas stream 258 with oxidation source 262
produces gas stream 264. Gas stream 264 may include water
produced as a result of the oxidation. The oxidation source
may include, but is not limited to, pure oxygen, air, or oxygen
enriched air. Since air or oxygen enriched air includes nitro-
gen, monitoring the quantity of air or oxygen enriched air
provided to oxidation unit 260 may be desired to ensure the
product gas meets the desired pipeline specification for nitro-
gen. Oxidation unit 260 includes, in some embodiments, a
catalyst. Oxidation unit 260 is, in some embodiments, oper-
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ated at a temperature in a range from about 50° C. to 500° C.,
from about 100° C. to about 400° C., or from about 200° C. to
about 300° C.

[0361] Gas stream 264 exits oxidation unit 260 and enters
dehydration unit 266. In dehydration unit 266, separation of
water from gas stream 264 produces pipeline gas 268 and
water 270. Dehydration unit 266 may be, for example, a
standard gas plant glycol dehydration unit and/or molecular
sieves.

[0362] In some embodiments, a change in the amount of
methane in pipeline gas produced from an in situ heat treat-
ment process gas is desired. The amount of methane in pipe-
line gas may be enhanced through removal of components
and/or through chemical modification of components in the in
situ heat treatment process gas.

[0363] FIG. 6 depicts a schematic representation of an
embodiment to enhance the amount of methane in pipeline
gas through reformation and methanation of the in situ heat
treatment process gas.

[0364] Treatment of in situ heat treatment process gas as
described herein produces gas stream 244. Gas stream 244,
hydrogen source 246, and steam source 272 enter reforming
unit 274. In some embodiments, gas stream 244, hydrogen
source 246, and/or steam source 272 are mixed together prior
to entering reforming unit 274. In some embodiments, gas
stream 244 includes an acceptable amount of a hydrogen
source, and thus external addition of hydrogen source 246 is
not needed. In reforming unit 274, contact of gas stream 244
with hydrogen source 246 in the presence of one or more
catalysts and steam source 272 produces gas stream 276. The
catalysts and operating parameters may be selected such that
reforming of methane in gas stream 244 is minimized. Gas
stream 276 includes methane, carbon monoxide, carbon diox-
ide, and/or hydrogen. The carbon dioxide in gas stream 276,
at least a portion of the carbon monoxide in gas stream 276,
and atleasta portion of the hydrogen in gas stream 276 is from
conversion of hydrocarbons with a carbon number greater
than 2 (for example, ethylene, ethane, or propylene) to carbon
monoxide and hydrogen. Methane in gas stream 276, at least
a portion of the carbon monoxide in gas stream 276, and at
least a portion of the hydrogen in gas stream 276 is from gas
stream 244 and hydrogen source 246.

[0365] Reforming unit 274 may be operated at tempera-
tures and pressures described herein, or operated otherwise as
known in the art. In some embodiments, reforming unit 274 is
operated at temperatures ranging from about 250° C. to about
500° C. In some embodiments, pressures in reforming unit
274 range from about 1 MPa to about 5 MPa.

[0366] Removal of excess carbon monoxide in gas stream
276 to meet, for example, pipeline specifications may be
desired. Carbon monoxide may be removed from gas stream
276 using a methanation process. Methanation of carbon
monoxide produces methane and water. Gas stream 276 exits
reforming unit 274 and enters methanation unit 278. In
methanation unit 278, contact of gas stream 276 with a hydro-
gen source in the presence of one or more catalysts produces
gas stream 280. The hydrogen source may be provided by
hydrogen and/or hydrocarbons present in gas stream 276. In
some embodiments, an additional hydrogen source is added
to the methanation unit and/or the gas stream. Gas stream 280
may include water, carbon dioxide, and methane.

[0367] Methanation unit 278 may be operated at tempera-
tures and pressures described herein or operated otherwise as
known in the art. In some embodiments, methanation unit 278
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is operated at temperatures ranging from about 260° C. to
about 320° C. In some embodiments, pressures in methana-
tion unit 278 range from about 1 MPa to about 5 MPa.

[0368] Carbon dioxide may be separated from gas stream
280 in carbon dioxide separation unit 282. In some embodi-
ments, gas stream 280 exits methanation unit 278 and passes
through a heat exchanger prior to entering carbon dioxide
separation unit 282. In carbon dioxide separation unit 282,
separation of carbon dioxide from gas stream 280 produces
gas stream 284 and carbon dioxide stream 286. In some
embodiments, the separation process uses amines to facilitate
the removal of carbon dioxide from gas stream 280. Gas
stream 284 includes, in some embodiments, at most 0.1 g, at
most 0.08 g, at most 0.06, or at most 0.04 g of carbon dioxide
per gram of gas stream. In some embodiments, gas stream 284
is substantially free of carbon dioxide.

[0369] Gas stream 284 exits carbon dioxide separation unit
282 and enters dehydration unit 266. In dehydration unit 266,
separation of water from gas stream 284 produces pipeline
gas 268 and water 270.

[0370] FIG. 7 depicts a schematic representation of an
embodiment to enhance the amount of methane in pipeline
gas through concurrent hydrogenation and methanation of in
situ heat treatment process gas. Hydrogenation and methana-
tion of carbon monoxide and hydrocarbons having a carbon
number greater than 2 in the in situ heat treatment process gas
produces methane. Concurrent hydrogenation and methana-
tion in one processing unit may inhibit formation of impuri-
ties. Inhibiting the formation of impurities enhances produc-
tion of methane from the in situ heat treatment process gas. In
some embodiments, the hydrogen source content of the in situ
heat treatment process gas is acceptable and an external
source of hydrogen is not needed.

[0371] Treatment of in situ heat treatment process gas as
described herein produces gas stream 244. Gas stream 244
enters hydrogenation and methanation unit 288. In hydroge-
nation and methanation unit 288, contact of gas stream 244
with a hydrogen source in the presence of a catalyst or mul-
tiple catalysts produces gas stream 290. The hydrogen source
may be provided by hydrogen and/or hydrocarbons in gas
stream 244. In some embodiments, an additional hydrogen
source is added to hydrogenation and methanation unit 288
and/or gas stream 244. Gas stream 290 may include methane,
hydrogen, and, in some embodiments, at leasta portion of gas
stream 244. In some embodiments, gas stream 290 includes
from about 0.05 g to about 1 g, from about 0.8 g to about 0.99
g, or from about 0.9 g to 0.95 g of methane, per gram of gas
stream. Gas stream 290 may include, per gram of gas stream,
at most 0.1 g of hydrocarbons having a carbon number of at
least 2 and at most 0.01 g of carbon monoxide. In some
embodiments, gas stream 290 includes trace amounts of car-
bon monoxide and/or hydrocarbons having a carbon number
of at least 2.

[0372] Hydrogenation and methanation unit 288 may be
operated at temperatures, and pressures, described herein, or
operated otherwise as known in the art. In some embodi-
ments, hydrogenation and methanation unit 288 is operated at
atemperature ranging from about 200° C. to about 350° C. In
some embodiments, pressure in hydrogenation and methana-
tion unit 288 is about 2 MPa to about 12 MPa, about 4 MPa to
about 10 MPa, or about 6 MPa to about 8 MPa. In certain
embodiments, pressure in hydrogenation and methanation
unit 288 is about 4 MPa.
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[0373] The removal of hydrogen from gas stream 290 may
be desired. Removal of hydrogen from gas stream 290 may
allow the gas stream to meet pipeline specification and/or
handling requirements.

[0374] InFIG.7, gas stream 290 exits methanation unit 288
and enters polishing unit 292. Carbon dioxide stream 294 also
enters polishing unit 292, or it mixes with gas stream 290
upstream of the polishing unit. In polishing unit 292, contact
of the gas stream 290 with carbon dioxide stream 294 in the
presence of one or more catalysts produces gas stream 296.
The reaction of hydrogen with carbon dioxide produces water
and methane. Gas stream 296 may include methane, water,
and, in some embodiments, at least a portion of gas stream
290. In some embodiments, polishing unit 292 is a portion of
hydrogenation and methanation unit 288 with a carbon diox-
ide feed line.

[0375] Polishing unit 292 may be operated at temperatures
and pressures described herein, or operated as otherwise
known in the art. In some embodiments, polishing unit 292 is
operated at a temperature ranging from about 200° C. to about
400° C. In some embodiments, pressure in polishing unit 292
is about 2 MPa to about 12 MPa, about 4 MPa to about 10
MPa, or about 6 MPa to about 8 MPa. In certain embodi-
ments, pressure in polishing unit 292 is about 4 MPa.

[0376] Gas stream 296 enters dehydration unit 266. In
dehydration unit 266, separation of water from gas stream
296 produces pipeline gas 268 and water 270.

[0377] FIG. 8 depicts a schematic representation of an
embodiment to enhance the amount of methane in pipeline
gas through concurrent hydrogenation and methanation of in
situ heat treatment process gas in the presence of excess
carbon dioxide and the separation of ethane and heavier
hydrocarbons. Hydrogen not used in the hydrogenation
methanation process may react with carbon dioxide to form
water and methane. Water may then be separated from the
process stream. Concurrent hydrogenation and methanation
in the presence of carbon dioxide in one processing unit may
inhibit formation of impurities.

[0378] Treatment of in situ heat treatment process gas as
described herein produces gas stream 244. Gas stream 244
and carbon dioxide stream 294 enter hydrogenation and
methanation unit 298. In hydrogenation and methanation unit
298, contact of gas stream 244 with a hydrogen source in the
presence of one or more catalysts and carbon dioxide pro-
duces gas stream 300. The hydrogen source may be provided
by hydrogen and/or hydrocarbons in gas stream 244. In some
embodiments, the hydrogen source is added to hydrogenation
and methanation unit 298 or to gas stream 244. The quantity
ot hydrogen in hydrogenation and methanation unit 298 may
be controlled and/or the flow of carbon dioxide may be con-
trolled to provide a minimum quantity of hydrogen in gas
stream 300.

[0379] Gas stream 300 may include water, hydrogen, meth-
ane, ethane, and, in some embodiments, at least a portion of
the hydrocarbons having a carbon number greater than 2 from
gas stream 244. In some embodiments, gas stream 300
includes from about 0.05 g to about 0.7 g, from about 0.1 g to
about 0.6 g, or from about 0.2 g to 0.5 g of methane, per gram
of gas stream. Gas stream 300 includes from about 0.0001 g
to about 0.4 g, from about 0.001 g to about 0.2 g, or from
about 0.01 g to 0.1 g of ethane, per gram of gas stream. In
some embodiments, gas stream 300 includes a trace amount
of carbon monoxide and olefins.
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[0380] Hydrogenation and methanation unit 298 may be
operated at temperatures and pressures, described herein, or
operated otherwise as known in the art. In some embodi-
ments, hydrogenation and methanation unit 298 is operated at
atemperature ranging from about 60° C. to about 350° C. and
apressure ranging from about 1 MPa to about 12 MPa, about
2 MPa to about 10 MPa, or about 4 MPa to about 8 MPa.
[0381] In some embodiments, separation of ethane from
methane is desirable. Separation may be performed using
membrane and/or cryogenic techniques. Cryogenic processes
may require that water levels in a gas stream be at most 1-10
part per million by weight.

[0382] Water in gas stream 300 may be removed using
generally known water removal techniques. Gas stream 300
exits hydrogenation and methanation unit 298, passes
through heat exchanger 302 and then enters dehydration unit
266. In dehydration unit 266, separation of water from gas
stream 300 as previously described, as well as by contact with
absorption units and/or molecular sieves, produces gas
stream 304 and water 270. Gas stream 304 may have a water
content of at most 10 ppm, at most 5 ppm, or at most 1 ppm.
In some embodiments, water content in gas stream 304 ranges
from about 0.01 ppm to about 10 ppm, from about 0.05 ppm
to about 5 ppm, or from about 0.1 ppm to about 1 ppm.
[0383] Cryogenic separator 306 separates gas stream 304
into pipeline gas 268 and hydrocarbon stream 308. Pipeline
gas stream 268 includes methane and/or carbon dioxide.
Hydrocarbon stream 308 includes ethane and, in some
embodiments, residual hydrocarbons having a carbon num-
ber of at least 2. In some embodiments, hydrocarbons having
acarbon number of at least 2 may be separated into ethane and
additional hydrocarbons and/or sent to other operating units.
[0384] FIG. 9 depicts a schematic representation of an
embodiment to enhance the amount of methane in pipeline
gas through concurrent hydrogenation and methanation of in
situ heat treatment process gas in the presence of excess
hydrogen. The use of excess hydrogen during the hydroge-
nation and methanation process may prolong catalyst life,
control reaction rates, and/or inhibit formation of impurities.
[0385] Treatment of in situ heat treatment process gas as
described herein produces gas stream 244. Gas stream 244
and hydrogen source 246 enter hydrogenation and methana-
tion unit 310. In some embodiments, hydrogen source 246 is
added to gas stream 244. In hydrogenation and methanation
unit 310, contact of gas stream 244 with hydrogen source 246
in the presence of one or more catalysts produces gas stream
312. In some embodiments, carbon dioxide may be added to
hydrogen and methanation unit 310. The quantity of hydro-
gen in hydrogenation and methanation unit 310 may be con-
trolled to provide an excess quantity of hydrogen to the
hydrogenation and methanation unit.

[0386] Gas stream 312 may include water, hydrogen, meth-
ane, ethane, and, in some embodiments, at least a portion of
the hydrocarbons having a carbon number greater than 2 from
gas stream 244. In some embodiments, gas stream 312
includes from about 0.05 g to about 0.9 g, from about 0.1 g to
about 0.6 g, or from about 0.2 g to 0.5 g of methane, per gram
of gas stream. Gas stream 312 includes from about 0.0001 g
to about 0.4 g, from about 0.001 g to about 0.2 g, or from
about 0.01 g to 0.1 g of ethane, per gram of gas stream. In
some embodiments, gas stream 312 includes carbon monox-
ide and trace amounts of olefins.

[0387] Hydrogenation and methanation unit 310 may be
operated at temperatures and pressures, described herein, or
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operated otherwise as known in the art. In some embodi-
ments, hydrogenation and methanation unit 310 is operated at
atemperature ranging from about 60° C. to about 400° C. and
a hydrogen partial pressure ranging from about 1 MPa to
about 12 MPa, about 2 MPa to about 8 MPa, or about 3 MPa
to about 5 MPa. In some embodiments, the hydrogen partial
pressure in hydrogenation and methanation unit 310 is about
3 MPa.

[0388] Gas stream 312 enters gas separation unit 314. Gas
separation unit 314 is any suitable unit or combination of
units that is capable of separating hydrogen and/or carbon
dioxide from gas stream 312. Gas separation unit may be a
pressure swing adsorption unit, a membrane unit, a liquid
absorption unit, and/or a cryogenic unit. In some embodi-
ments, gas stream 312 exits hydrogenation and methanation
unit 310 and passes through a heat exchanger prior to entering
gas separation unit 314. In gas separation unit 314, separation
of hydrogen from gas stream 312 produces gas stream 316
and hydrogen stream 318. Hydrogen stream 318 may be
recycled to hydrogenation and methanation unit 310, mixed
with gas stream 244 and/or mixed with hydrogen source 246
upstream of the hydrogenation methanation unit. In embodi-
ments in which carbon dioxide is added to hydrogenation and
methanation unit 310, carbon dioxide is separated from gas
stream 316 in separation unit 314. The separated carbon diox-
ide may be recycled to the hydrogenation and methanation
unit, mixed with gas stream 244 upstream of the hydrogena-
tion and methanation unit, and/or mixed with the carbon
dioxide stream entering the hydrogenation and methanation
unit.

[0389] Gas stream 316 enters dehydration unit 266. In
dehydration unit 266, separation of water from gas stream
316 produces pipeline gas 268 and water 270.

[0390] It should be understood that gas stream 244 may be
treated by combinations of one or more of the processes
described in FIGS. 5, 6,7, 8, and 9. For example, all or at least
aportion of gas streams from reforming unit 274 (FI1G. 6) may
be treated in hydrogenation and methanation units 288 (FI1G.
7),298 (FIG. 8), or 308 (FIG. 9). All or at least a portion of the
gas stream produced from hydrogenation unit 248 may enter,
or be combined with gas streams entering, reforming unit
274, hydrogenation and methanation unit 288, and/or hydro-
genation and methanation unit 298. In some embodiments,
gas stream 244 may be hydrotreated and/or used in other
processing units.

[0391] Catalysts used to produce natural gas that meets
pipeline specifications may be bulk metal catalysts or sup-
ported catalysts. Bulk metal catalysts include Columns 6-10
metals. Supported catalysts include Columns 6-10 metals on
a support. Columns 6-10 metals include, but are not limited
to, vanadium, chromium, molybdenum, tungsten, manga-
nese, technetium, rhenium, iron, cobalt, nickel, ruthenium,
palladium, rhodium, osmium, iridium, platinum, or mixtures
thereof. The catalyst may have, per gram of catalyst, a total
Columns 6-10 metals content of at least 0.0001 g, at least
0.001 g, atleast 0.01 g, or in a range from about 0.0001-0.6 g,
about 0.005-0.3 g, about 0.001-0.1 g, or about 0.01-0.08 g. In
some embodiments, the catalyst includes a Column 15 ele-
ment in addition to the Columns 6-10 metals. An example of
a Column 15 element is phosphorus. The catalyst may have a
total Column 15 elements content, per gram of catalyst, in a
range from about 0.000001-0.1 g, about 0.00001-0.06 g,
about 0.00005-0.03 g, or about 0.0001-0.001 g. In some
embodiments, the catalyst includes a combination of Column
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6 metals with one or more Columns 7-10 metals. A molar
ratio of Column 6 metals to Columns 7-10 metals may be in
a range from 0.1-20, 1-10, or 2-5. In some embodiments, the
catalyst includes Column 15 elements in addition to the com-
bination of Column 6 metals with one or more Columns 7-10
metals.

[0392] In some embodiments, Columns 6-10 metals are
incorporated in, or deposited on, a support to form the cata-
lyst. In certain embodiments, Columns 6-10 metals in com-
bination with Column 15 elements are incorporated in, or
deposited on, the support to form the catalyst. In embodi-
ments in which the metals and/or elements are supported, the
weight of the catalyst includes all support, all metals, and all
elements. The support may be porous and may include refrac-
tory oxides; oxides of tantalum, niobium, vanadium, scan-
dium, or lanthanide metals; porous carbon based materials;
zeolites; or combinations thereof. Refractory oxides may
include, but are not limited to, alumina, silica, silica-alumina,
titanium oxide, zirconium oxide, magnesium oxide, or mix-
tures thereof. Supports may be obtained from a commercial
manufacturer such as CRI/Criterion Inc. (Houston, Tex., U.S.
A.). Porous carbon based materials include, but are not lim-
ited to, activated carbon and/or porous graphite. Examples of
zeolites include Y-zeolites, beta zeolites, mordenite zeolites,
ZSM-5 zeolites, and ferrierite zeolites. Zeolites may be
obtained from a commercial manufacturer such as Zeolyst
(Valley Forge, Pa., U.S.A)).

[0393] Supported catalysts may be prepared using gener-
ally known catalyst preparation techniques. Examples of
catalyst preparations are described in U.S. Pat. Nos. 6,218,
333 to Gabrielov et al.; 6,290,841 to Gabrielov et al.; 5,744,
025 to Boon et al., and 6,759,364 to Bhan, all of which are
incorporated by reference herein.

[0394] In some embodiments, the support is impregnated
with metal to form the catalyst. In certain embodiments, the
support is heat treated at temperatures in a range from about
400° C. to about 1200° C., from about 450° C. to about 1000°
C., or from about 600° C. to about 900° C. prior to impreg-
nation with a metal. In some embodiments, impregnation aids
are used during preparation of the catalyst. Examples of
impregnation aids include a citric acid component, ethylene-
diaminetetraacetic acid (EDTA), ammonia, or mixtures
thereof.

[0395] The Columns 6-10 metals and support may be
mixed with suitable mixing equipment to form a Columns
6-10 metals/support mixture. The Columns 6-10 metals/sup-
port mixture may be mixed using suitable mixing equipment.
Examples of suitable mixing equipment include tumblers,
stationary shells or troughs, Muller mixers (batch type or
continuous type), impact mixers, and any other generally
known mixer, or other device, that will suitably provide the
Columns 6-10 metals support mixture. In certain embodi-
ments, the materials are mixed until the Columns 6-10 metals
are substantially homogeneously dispersed in the support.
[0396] Insomeembodiments, the catalyst is heat treated at
temperatures from 150-750° C., from 200-740° C., or from
400-730° C. after combining the support with the metal. In
some embodiments, the catalyst is heat treated in the presence
of hot air and/or oxygen rich air at a temperature in a range
between 400° C. and 1000° C. to remove volatile matter
and/or to convert at least a portion of the Columns 6-10 metals
to the corresponding metal oxide.

[0397] In other embodiments, a catalyst precursor is heat
treated in the presence of air at temperatures in a range from
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35-500° C. for a period of time in a range from 1-3 hours to
remove a majority of the volatile components without con-
verting the Columns 6-10 metals to the corresponding metal
oxide. Catalysts prepared by such a method are generally
referred to as “uncalcined” catalysts. When catalysts are pre-
pared in this manner, in combination with a sulfiding method,
the active metals may be substantially dispersed in the sup-
port. Preparations of such catalysts are described in U.S. Pat.
Nos. 6,218,333 to Gabrielov et al., and 6,290,841 to Gabri-
elov et al.

[0398] Insome embodiments, the catalyst and/or a catalyst
precursor is sulfided to form metal sulfides (prior to use) using
techniques known in the art (for example, ACTICAT™ pro-
cess, CRI International, Inc. (Houston, Tex., U.S.A.)). In
some embodiments, the catalyst is dried then sulfided. Alter-
natively, the catalyst may be sulfided in situ by contact of the
catalyst with a gas stream that includes sulfur-containing
compounds. In situ sulfurization may utilize either gaseous
hydrogen sulfide in the presence of hydrogen or liquid-phase
sulfurizing agents such as organosulfur compounds (includ-
ing alkylsulfides, polysulfides, thiols, and sulfoxides). Ex-
situ sulfurization processes are described in U.S. Pat. Nos.
5,468,372 to Seamans et al., and 5,688,736 to Seamans et al.,
all of which are incorporated by reference herein.

[0399] Insome embodiments, a first type of catalyst (“first
catalyst”) includes Columns 6-10 metals and the support. The
first catalyst is, in some embodiments, an uncalcined catalyst.
In some embodiments, the first catalyst includes molybde-
num and nickel. In certain embodiments, the first catalyst
includes phosphorus. In some embodiments, the first catalyst
includes Columns 9-10 metals on a support. The Column 9
metal may be cobalt and the Column 10 metal may be nickel.
In some embodiments, the first catalyst includes Columns
10-11 metals. The Column 10 metal may be nickel and the
Column 11 metal may be copper.

[0400] The first catalyst may assist in the hydrogenation of
olefins to alkanes. In some embodiments, the first catalyst is
used in the hydrogenation unit. The first catalyst may include
at least 0.1 g, at least 0.2 g, or at least 0.3 g of Column 10
metals per gram of support. In some embodiments, the Col-
umn 10 metal is nickel. In certain embodiments, the Column
10 metal is palladium and/or a mixed alloy of platinum and
palladium. Use of a mixed alloy catalyst may enhance pro-
cessing of gas streams with sulfur containing compounds. In
some embodiments, the first catalystis a commercial catalyst.
Examples of commercial first catalysts include, but are not
limited to, Criterion 424, DN-140, DN-200, and DN-3100,
KL6566, KL6560, KL6562, K1.6564, KL7756; KL7762,
KL7763, KL7731, C-624, C654, all of which are available
from CRI/Criterion Inc.

[0401] In some embodiments, a second type of catalyst
(“second catalyst”) includes Column 10 metal on a support.
The Column 10 metal may be platinum and/or palladium. In
some embodiments, the catalyst includes about 0.001 g to
about 0.05 g, or about 0.01 g to about 0.02 g of platinum
and/or palladium per gram of catalyst. The second catalyst
may assist in the oxidation of hydrogen to form water. In some
embodiments, the second catalyst is used in the oxidation
unit. In some embodiments, the second catalyst is a commer-
cial catalyst. An example of commercial second catalyst
includes K1.87748, available from CRI/Criterion Inc.

[0402] In some embodiments, a third type of catalyst
(“third catalyst”) includes Columns 6-10 metals on a support.
In some embodiments, the third catalyst includes Columns

Dec. 10, 2009

9-10 metals on a support. The Column 9 metal may be cobalt
and the Column 10 metal may be nickel. In some embodi-
ments, the content of nickel metal is from about 0.1 g to about
0.3 g, per gram of catalyst. The support for a third catalyst
may include zirconia. The third catalyst may assist in the
reforming of hydrocarbons having a carbon number greater
than 2 to carbon monoxide and hydrogen. The third catalyst
may be used in the reforming unit. In some embodiments, the
third catalyst is a commercial catalyst. Examples of commer-
cial third catalysts include, but are not limited to, CRG-FR
and/or CRG-LH available from Johnson Matthey (London,
England).

[0403] In some embodiments, a fourth type of catalyst
(“fourth catalyst”) includes Columns 6-10 metals on a sup-
port. In some embodiments, the fourth catalyst includes Col-
umn 8 metals in combination with Column 10 metals on a
support. The Column 8 metal may be ruthenium and the
Column 10 metal may be nickel, palladium, platinum, or
mixtures thereof. In some embodiments, the fourth catalyst
support includes oxides of tantalum, niobium, vanadium, the
lanthanides, scandium, or mixtures thereof. The fourth cata-
lyst may be used to convert carbon monoxide and hydrogen to
methane and water. In some embodiments, the fourth catalyst
is used in the methanation unit. In some embodiments, the
fourth catalyst is a commercial catalyst. Examples of com-
mercial fourth catalysts, include, but are not limited to,
KATALCO® 11-4 and/or KATALCO® 11-4R available from
Johnson Matthey.

[0404] Insome embodiments, a fifth type of catalyst (“fifth
catalyst”) includes Columns 6-10 metals on a support. In
some embodiments, the fifth catalyst includes a Column 10
metal. The fifth catalyst may include from about 0.1 g to about
0.99 g, from about 0.3 g to about 0.9 g, from about 0.5 g to
about 0.8 g, or from 0.6 g to about 0.7 g of Column 10 metal
per gram of fifth catalyst. In some embodiments, the Column
10 metal is nickel. In some embodiments, a catalyst that has at
least 0.5 g of nickel per gram of fifth catalyst has enhanced
stability in a hydrogenation and methanation process. The
fifth catalyst may assist in the conversion of hydrocarbons
and carbon dioxide to methane. The fifth catalyst may be used
in hydrogenation and methanation units and/or polishing
units. In some embodiments, the fifth catalyst is a commercial
catalyst. An example of a commercial fifth catalyst is
KL6524-T, available from CRI/Criterion Inc.

[0405] Heating a portion of the subsurface formation may
cause the mineral structure of the formation to change and
form particles. The particles may be dispersed and/or become
partially dissolved in the formation fluid. The particles may
include metals and/or compounds of metals from Columns
1-2 and Columns 4-13 of the Periodic Table (for example,
aluminum, silicon, magnesium, calcium, potassium sodium,
beryllium, lithium, chromium, magnesium, copper, zirco-
nium, and so forth). In certain embodiments, the particles
include cenospheres. In some embodiments, the particles are
coated, for example, with hydrocarbons of the formation
fluid. In certain embodiments, the particles include zeolites.
[0406] A concentration of particles in formation fluid may
range from about 1 ppm to about 3000 ppm, from about 50
ppm to about 2000 ppm, or from about 100 ppm to about 1000
ppm. The size of particles may range from about 0.5
micrometers to about 200 micrometers, from about 5
micrometers to about 150 micrometers, from about 10
micrometers to about 100 micrometers, or about 20 microme-
ters to about 50 micrometers.
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[0407] In certain embodiments, formation fluid may
include a distribution of particles. The distribution of particles
may be, but is not limited to, a trimodal or a bimodal distri-
bution. For example, a trimodal distribution of particles may
include from about 1 ppm to about 50 ppm of particles with a
size of about 5 micrometers to about 10 micrometers, from
about 2 ppm to about 2000 ppm of particles with a size of
about 50 micrometers to about 80 micrometers, and from
about 1 ppm to about 100 ppm with a size of between about
100 micrometers and about 200 micrometers. A bimodal
distribution of particles may include from about 1 ppm to
about 60 ppm of particles with a size of between about 50
micrometers and about 60 micrometers and from about 2 ppm
to about 2000 ppm of particles with a size between about 100
micrometers and about 200 micrometers.

[0408] Insomeembodiments, the particles may contact the
formation fluid and catalyze formation of compounds having
a carbon number of at most 25, at most 20, at most 12, or at
most 8. In certain embodiments, zeolitic particles may assist
in the oxidation and/or reduction of formation fluids to pro-
duce compounds not generally found in fluids produced using
conventional production methods. Contact of formation fluid
with hydrogen in the presence of zeolitic particles may cata-
lyze reduction of double bond compounds in the formation
fluid.

[0409] In some embodiments, all or a portion of the par-
ticles in the produced fluid may be removed from the pro-
duced fluid. The particles may be removed by using a centri-
fuge, by washing, by acid washing, by filtration, by
electrostatic precipitation, by froth flotation, and/or by
another type of separation process.

[0410] Formation fluid produced from the in situ heat treat-
ment process may be sent to the separator to split the stream
into the in situ heat treatment process liquid stream and an in
situ heat treatment process gas stream. The liquid stream and
the gas stream may be further treated to yield desired prod-
ucts. When the liquid stream is treated using generally known
conditions to produce commercial products, processing
equipment may be adversely affected. For example, the pro-
cessing equipment may clog. Examples of processes to pro-
duce commercial products include, but are not limited to,
alkylation, distillation, catalytic reforming hydrocracking,
hydrotreating, hydrogenation, hydrodesulfurization, cata-
Iytic cracking, delayed coking, gasification, or combinations
thereof. Processes to produce commercial products are
described in “Refining Processes 2000,” Hydrocarbon Pro-
cessing, Gulf Publishing Co., pp. 87-142, which is incorpo-
rated by reference herein. Examples of commercial products
include, but are not limited to, diesel, gasoline, hydrocarbon
gases, jet fuel, kerosene, naphtha, vacuum gas oil (“VGO”),
or mixtures thereof.

[0411] Process equipment may become clogged or fouled
by compositions in the in situ heat treatment process liquid.
Clogging compositions may include, but are not limited to,
hydrocarbons and/or solids produced from the in situ heat
treatment process. Compositions that cause clogging may be
formed during heating of the in situ heat treatment process
liquid. The compositions may adhere to parts of the equip-
ment and inhibit the flow of the liquid stream through pro-
cessing units.

[0412] Solids that cause clogging may include, but are not
limited to, organometallic compounds, inorganic com-
pounds, minerals, mineral compounds, cenospheres, coke,
semi-soot, and/or mixtures thereof. The solids may have a
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particle size such that conventional filtration may not remove
the solids from the liquid stream. Hydrocarbons that cause
clogging may include, but are not limited to, hydrocarbons
that contain heteroatoms, aromatic hydrocarbons, cyclic
hydrocarbons, cyclic di-olefins, and/or acyclic di-olefins. In
some embodiments, solids and/or hydrocarbons present in
the in situ heat treatment process liquid that cause clogging
are partially soluble or insoluble in the situ heat treatment
process liquid. In some embodiments, conventional filtration
of the liquid stream prior to or during heating is insufficient
and/or ineffective for removal of all or some of the composi-
tions that clog process equipment.

[0413] Insomeembodiments, clogging compositions are at
least partially removed from the liquid stream by washing
and/or desalting the liquid stream. In some embodiments,
clogging of process equipment is inhibited by filtering at least
aportion of the liquid stream through a nanofiltration system.
In some embodiments, clogging of process equipment is
inhibited by hydrotreating at least a portion of the liquid
stream. In some embodiments, at least a portion the liquid
stream is nanofiltered and then hydrotreated to remove com-
position that may clog and/or foul process equipment. The
hydrotreated and/or nanofiltered liquid stream may be further
processed to produce commercial products. In some embodi-
ments, anti-fouling additives are added to the liquid stream to
inhibit clogging of process equipment. Anti-fouling additives
are described in U.S. Pat. Nos. 5,648,305 to Mansfield et al.;
5,282,957 to Wright et al.; 5,173,213 to Miller et al.; 4,840,
720 to Reid; 4,810,397 to Dvoracek; and 4,551,226 to Fern,
all of which are incorporated by reference herein. Examples
of commercially available additives include, but are not lim-
ited to, Chimec RO 303 Chimec RO 304, Chimec RO 305,
Chimec RO 306, Chimec RO 307, Chimec RO 308, (available
from Chimec, Rome, Italy), GE-Betz Thermal Flow
7TR29GE-Betz ProChem 3F28, Ge Betz ProChem 3F18
(available from GE Water and Process Technologies, Trevose,
Pa., U.S.A).

[0414] FIG. 10 depicts a schematic representation of an
embodiment of a system for producing crude products and/or
commercial products from the in situ heat treatment process
liquid stream and/or the in situ heat treatment process gas
stream. Formation fluid 320 enters fluid separation unit 322
and is separated into in situ heat treatment process liquid
stream 324, in situ heat treatment process gas 240 and aque-
ous stream 326. In some embodiments, fluid separation unit
322 includes a quench zone. As produced formation fluid
enters the quench zone, quenching fluid such as water, non-
potable water and/or other components may be added to the
formation fluid to quench and/or cool the formation fluid to a
temperature suitable for handling in downstream processing
equipment. Quenching the formation fluid may inhibit for-
mation of compounds that contribute to physical and/or
chemical instability of the fluid (for example, inhibit forma-
tion of compounds that may precipitate from solution, con-
tribute to corrosion, and/or fouling of downstream equipment
and/or piping). The quenching fluid may be introduced into
the formation fluid as a spray and/or a liquid stream. In some
embodiments, the formation fluid is introduced into the
quenching fluid. In some embodiments, the formation fluid is
cooled by passing the fluid through a heat exchanger to
remove some heat from the formation fluid. The quench fluid
may be added to the cooled formation fluid when the tem-
perature of the formation fluid is near or at the dew point of the
quench fluid. Quenching the formation fluid near or at the dew
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point of the quench fluid may enhance solubilization of salts
that may cause chemical and/or physical instability of the
quenched fluid (for example, ammonium salts). In some
embodiments, an amount of water used in the quench is
minimal so that salts of inorganic compounds and/or other
components do not separate from the mixture. In separation
unit 322, at least a portion of the quench fluid may be sepa-
rated from the quench mixture and recycled to the quench
zone with a minimal amount of treatment. Heat produced
from the quench may be captured and used in other facilities.
In some embodiments, vapor may be produced during the
quench. The produced vapor may be sent to gas separation
unit 328 and/or sent to other facilities for processing.

[0415] Insituheat treatment process gas 240 may enter gas
separation unit 328 to separate gas hydrocarbon stream 330
from the in situ heat treatment process gas. The gas separation
unit is, in some embodiments, a rectified adsorption and high
pressure fractionation unit. Gas hydrocarbon stream 330
includes hydrocarbons having a carbon number of at least 3.
[0416] In situ heat treatment process liquid stream 324
enters liquid separation unit 332. In some embodiments, lig-
uid separation unit 332 is not necessary. In liquid separation
unit 332, separation of in situ heat treatment process liquid
stream 324 produces gas hydrocarbon stream 336 and salty
process liquid stream 338. Gas hydrocarbon stream 336 may
include hydrocarbons having a carbon number of at most 5. A
portion of gas hydrocarbon stream 336 may be combined with
gas hydrocarbon stream 330. Salty process liquid stream 338
may be processed through desalting unit 340 to form liquid
stream 334. Desalting unit 340 removes mineral salts and/or
water from salty process liquid stream 338 using known
desalting and water removal methods. In certain embodi-
ments, desalting unit 340 is upstream of liquid separation unit
332.

[0417] Liquid stream 334 includes, but is not limited to,
hydrocarbons having a carbon number of at least 5 and/or
hydrocarbon containing heteroatoms (for example, hydrocar-
bons containing nitrogen, oxygen, sulfur, and phosphorus).
Liquid stream 334 may include at least 0.001 g, at least 0.005
g, or at least 0.01 g of hydrocarbons with a boiling range
distribution between 95° C. and 200° C. at 0.101 MPa; at least
0.01 g, at least 0.005 g, or at least 0.001 g of hydrocarbons
with a boiling range distribution between 200° C. and 300° C.
at(0.101 MPa; atleast 0.001 g, at least 0.005 g, or at least 0.01
g of hydrocarbons with a boiling range distribution between
300° C.and 400° C. at0.101 MPa; and at least 0.001 g, at least
0.005 g, or atleast 0.01 gofhydrocarbons with aboiling range
distribution between 400° C. and 650° C. at 0.101 MPa. In
some embodiments, liquid stream 334 contains at most 10%
by weight water, at most 5% by weight water, at most 1% by
weight water, or at most 0.1% by weight water.

[0418] After exiting desalting unit 340, liquid stream 334
enters filtration system 342. In some embodiments, filtration
system 342 is connected to the outlet of the desalting unit.
Filtration system 342 separates at least a portion of the clog-
ging compounds from liquid stream 334. In some embodi-
ments, filtration system 342 is skid mounted. Skid mounting
filtration system 342 may allow the filtration system to be
moved from one processing unit to another. In some embodi-
ments, filtration system 342 includes one or more membrane
separators, for example, one or more nanofiltration mem-
branes or one or more reverse osmosis membranes.

[0419] The membrane may be a ceramic membrane and/or
a polymeric membrane. The ceramic membrane may be a
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ceramic membrane having a molecular weight cut off of at
most 2000 Daltons (Da), at most 1000 Da, or at most 500 Da.
Ceramic membranes do not have to swell in order to work
under optimal conditions to remove the desired materials
from a substrate (for example, clogging compositions from
the liquid stream). In addition, ceramic membranes may be
used at elevated temperatures. Examples of ceramic mem-
branes include, but are not limited to, mesoporous titania,
mesoporous gamma-alumina, mesoporous zirconia, mesopo-
rous silica, and combinations thereof.

[0420] The polymeric membrane includes a top layer made
of a dense membrane and a base layer (support) made of a
porous membrane. The polymeric membrane may be
arranged to allow the liquid stream (permeate) to flow first
through the dense membrane top layer and then through the
base layer so that the pressure difference over the membrane
pushes the top layer onto the base layer. The polymeric mem-
brane is an organophilic membrane or a hydrophobic mem-
brane so that water present in the liquid stream is retained or
substantially retained in the retentate.

[0421] The dense membrane layer may separate at least a
portion of or substantially all of the clogging compositions
from liquid stream 334. In some embodiments, the dense
polymeric membrane has properties such that liquid stream
334 passes through the membrane by dissolving in and dif-
fusing through its structure. At least a portion of the clogging
particles may not dissolve and/or diffuse through the dense
membrane, thus they are removed. The clogging particles
may not dissolve and/or diffuse through the dense membrane
because of the complex structure of the clogging particles
and/or their high molecular weight. The dense membrane
layer may include a cross-linked structure as described in WO
96/27430 to Schmidt et al., which is incorporated by refer-
ence herein. A thickness of the dense membrane layer may
range from a 1 micrometer to 15 micrometers, from 2
micrometers to 10 micrometers, or from 3 micrometers to 5
micrometers.

[0422] The dense membrane may be made from polysilox-
ane, poly-di-methyl siloxane, poly-octyl-methyl siloxane,
polyimide, polyaramide, poly-tri-methyl silyl propyne, or
mixtures thereof. Porous base layers may be made of mate-
rials that provide mechanical strength to the membrane and
may be any porous membrane used for ultra filtration, nano-
filtration, or reverse osmosis. Examples of such materials are
polyacrylonitrile, polyamideimide in combination with tita-
nium oxide, polyetherimide, polyvinylidenedifluoroide,
polytetrafluoroethylene or combinations thereof.

[0423] During separation of clogging compositions from
liquid stream 334, the pressure difference across the mem-
brane may range from about 0.5 MPa to about 6 MPa, from
about 1 MPa to about 5 MPa, or from about 2 MPa to about 4
MPa. A temperature of separation may range from the pour
point of the liquid stream up to 100° C., from about —-20° C. to
about 100° C., from about 10° C. to about 90° C., or from
about 20° C. to about 85° C. During a continuous operation,
the permeate flux rate may be at most 50% of the initial flux,
at most 70% of the initial flux, or at most 90% of the initial
flux. A weight recovery of the permeate on feed may range
from about 50% by weight to 97% by weight, from about 60%
by weight to 90% by weight, or from about 70% by weight to
80% by weight.

[0424] Filtration system 342 may include one or more
membrane separators. The membrane separators may include
one or more membrane modules. When two or more mem-
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brane separators are used, they may be arranged in a parallel
configuration to allow feed (retentate) from a first membrane
separator to flow into a second membrane separator.
Examples of membrane modules include, but are not limited
to, spirally wound modules, plate and frame modules, hollow
fibers, and tubular modules. Membrane modules are
described in Encyclopedia of Chemical Engineering, 4” Ed.,
1995, John Wiley & Sons Inc., Vol. 16, pages 158-164.
Examples of spirally wound modules are described in, for
example, WO/2006/040307 to Boestert et al., U.S. Pat. No.
5,102,551 to Pasternak; U.S. Pat. No. 5,093,002 to Pasternak;
U.S. Pat. No. 5,275,726 to Feimer et al.; U.S. Pat. No. 5,458,
774 to Mannapperuma; and U.S. Pat. No. 5,150,118 to Finkle
et al, all of which are incorporated by reference herein.

[0425] In some embodiments, a spirally wound module is
used when a dense membrane is used in filtration system 342.
A spirally wound module may include a membrane assembly
of two membrane sheets between which a permeate spacer
sheet is sandwiched, and which membrane assembly is sealed
at three sides. The fourth side is connected to a permeate
outlet conduit such that the area between the membranes in
fluid communication with the interior of the conduit. On top
of one of the membranes a feed spacer sheet is arranged, and
the assembly with feed spacer sheet is rolled up around the
permeate outlet conduit, to form a substantially cylindrical
spirally wound membrane module. The feed spacer may have
a thickness of at least 0.6 mm, at least 1 mm, or at least 3 mm
to allow sufficient membrane surface to be packed into a
spirally wound module. In some embodiments, the feed
spacer is a woven feed spacer. During operation, a feed mix-
ture may be passed from one end of the cylindrical module
between the membrane assemblies along the feed spacer
sheet sandwiched between feed sides of the membranes. Part
of the feed mixture passes through either one of the mem-
brane sheets to the permeate side. The resulting permeate
flows along the permeate spacer sheet into the permeate outlet
conduit.

[0426] Insomeembodiments, the membrane separationis a
continuous process. Liquid stream 334 passes over the mem-
brane due to a pressure difference to obtain a filtered liquid
stream 344 (permeate) and/or recycle liquid stream 346 (re-
tentate). In some embodiments, filtered liquid stream 344
may have reduced concentrations of compositions and/or par-
ticles that cause clogging in downstream processing systems.
Continuous recycling of recycle liquid stream 346 through
nanofiltration system can increase the production of filtered
liquid stream 344 to as much as 95% of the original volume of
liquid stream 334. Recycle liquid stream 346 may be continu-
ously recycled through a spirally wound membrane module
for at least 10 hours, for at least one day, or for at least one
week without cleaning the feed side of the membrane. Upon
completion of the filtration, waste stream 348 (retentate) may
include a high concentration of compositions and/or particles
that cause clogging. Waste stream 348 exits filtration system
342 and is transported to other processing units such as, for
example, a delayed coking unit and/or a gasification unit.

[0427] Filtered liquid stream 344 may exit filtration system
342 and enter one or more process units. Process units as
described herein for the production of crude products and/or
commercial products may be operated at the following tem-
peratures, pressures, hydrogen source flows, liquid stream
flows, or combinations thereof, or operated otherwise as
known in the art. Temperatures range from about 200° C. to
about 900° C., from about 300° C. to about 800° C., or from
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about 400° C. to about 700° C. Pressures range from about 0.1
MPa to about 20 MPa, from about 1 MPa to about 12 MPa,
from about 4 MPa to about 10 MPa, or from about 6 MPa to
about 8 MPa. Liquid hourly space velocities of the liquid
stream range from about 0.1 h™! to about 30 h™!, from about
0.5h™! to about 25h™!, from about 1 h™' to about 20 h~*, from
about 1.5h™" to about 15h™, or from about 2 h~" to about 10
h.

[0428] InFIG. 10, filtered liquid stream 344 and hydrogen
source 246 enter hydrotreating unit 350. In some embodi-
ments, hydrogen source 246 may be added to filtered liquid
stream 344 before entering hydrotreating unit 350. In some
embodiments, sufficient hydrogen is present in liquid stream
334 and hydrogen source 246 is not needed. In hydrotreating
unit 350, contact of filtered liquid stream 344 with hydrogen
source 246 in the presence of one or more catalysts produces
liquid stream 352. Hydrotreating unit 350 may be operated
such that all or at least a portion of liquid stream 352 is
changed sufficiently to remove compositions and/or inhibit
formation of compositions that may clog equipment posi-
tioned downstream of the hydrotreating unit 350. The catalyst
used in hydrotreating unit 350 may be a commercially avail-
able catalyst. In some embodiments, hydrotreating of liquid
stream 334 is not necessary.

[0429] In some embodiments, liquid stream 334 is con-
tacted with hydrogen in the presence of one or more catalysts
to change one or more desired properties of the crude feed to
meet transportation and/or refinery specifications. Methods
to change one or more desired properties of the crude feed are
described in U.S. Published Patent Applications Nos.
20050133414 to Bhan et al.; 20050133405 to Wellington et
al.; and U.S. patent application Ser. Nos. 11/400,542 entitled
“Systems, Methods, and Catalysts for Producing a Crude
Product” filed Apr. 7, 2006; 11/425,979 to Bhan entitled
“Systems, Methods, and Catalysts for Producing a Crude
Product” filed Jun. 6, 2006; and 11/425,992 to Wellington et
al., entitled “Systems, Methods, and Catalysts for Producing
a Crude Product” filed Jun. 6, 2006, all of which are incorpo-
rated by reference herein.

[0430] In some embodiments, hydrotreating unit 350 is a
selective hydrogenation unit. In hydrotreating unit 350, liquid
stream 334 and/or filtered liquid stream 344 are selectively
hydrogenated such that di-olefins are reduced to mono-ole-
fins. For example, liquid stream 334 and/or filtered liquid
stream 344 is contacted with hydrogen in the presence of a
DN-200 (Criterion Catalysts & Technologies, Houston Tex.,
U.S.A)) at temperatures ranging from 100° C. to 200° C. and
total pressures of 0.1 MPa to 40 MPa to produce liquid stream
352. Liquid stream 352 includes a reduced content of di-
olefins and an increased content of mono-olefins relative to
the di-olefin and mono-olefin content of liquid stream 334.
The conversion of di-olefins to mono-olefins under these
conditions is, in some embodiments, at least 50%, at least
60%, at least 80% or at least 90%. Liquid stream 352 exits
hydrotreating unit 350 and enters one or more processing
units positioned downstream of hydrotreating unit 350. The
units positioned downstream of hydrotreating unit 350 may
include distillation units, catalytic reforming units, hydroc-
racking units, hydrotreating units, hydrogenation units,
hydrodesulfurization units, catalytic cracking units, delayed
coking units, gasification units, or combinations thereof.
[0431] Liquid stream 352 may exit hydrotreating unit 350
and enter fractionation unit 354. Fractionation unit 354 pro-
duces one or more crude products. Fractionation may include,
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but is not limited to, an atmospheric distillation process and/
or a vacuum distillation process. Crude products include, but
are not limited to, C;-C5 hydrocarbon stream 356, naphtha
stream 358, kerosene stream 360, diesel stream 362, and
bottoms stream 364. Bottoms stream 364 generally includes
hydrocarbons having a boiling range distribution of at least
340° C. at 0.101 MPa. In some embodiments, bottoms stream
364 is vacuum gas oil. In other embodiments, bottoms stream
364 includes hydrocarbons with a boiling range distribution
of at least 537° C. One or more of the crude products may be
sold and/or further processed to gasoline or other commercial
products.

[0432] To enhance the use of the streams produced from
formation fluid, hydrocarbons produced during fractionation
of the liquid stream and hydrocarbon gases produced during
separating the process gas may be combined to form hydro-
carbons having a higher carbon number. The produced hydro-
carbon gas stream may include a level of olefins acceptable
for alkylation reactions.

[0433] In some embodiments, hydrotreated liquid streams
and/or streams produced from fractions (for example, distil-
lates and/or naphtha) are blended with the in situ heat treat-
ment process liquid and/or formation fluid to produce a
blended fluid. The blended fluid may have enhanced physical
stability and chemical stability as compared to the formation
fluid. The blended fluid may have a reduced amount of reac-
tive species (for example, di-olefins, other olefins and/or
compounds containing oxygen, sulfur and/or nitrogen) rela-
tive to the formation fluid. Thus, chemical stability of the
blended fluid is enhanced. The blended fluid may decrease an
amount of asphaltenes relative to the formation fluid. Thus,
physical stability of the blended fluid is enhanced. The
blended fluid may be a more a fungible feed than the forma-
tion fluid and/or the liquid stream produced from an in situ
heat treatment process. The blended feed may be more suit-
able for transportation, for use in chemical processing units
and/or for use in refining units than formation fluid.

[0434] Insome embodiments, a fluid produced by methods
described herein from an oil shale formation may be blended
with heavy oil/tar sands in situ heat treatment process (IHTP)
fluid. Since the oil shale liquid is substantially paraffinic and
the heavy oil/tar sands IHTP fluid is substantially aromatic,
the blended fluid exhibits enhanced stability. In certain
embodiments, in situ heat treatment process fluid may be
blended with bitumen to obtain a feed suitable for use in
refining units. Blending of the IHTP fluid and/or bitumen
with the produced fluid may enhance the chemical and/or
physical stability of the blended product. Thus, the blend may
be transported and/or distributed to processing units.

[0435] C;-C, hydrocarbon stream 356 produced from frac-
tionation unit 354 and hydrocarbon gas stream 330 enter
alkylation unit 368. In alkylation unit 368, reaction of the
olefins in hydrocarbon gas stream 330 (for example, propy-
lene, butylenes, amylenes, or combinations thereof) with the
iso-paraffins in C;-Cs hydrocarbon stream 356 produces
hydrocarbon stream 370. In some embodiments, the olefin
content in hydrocarbon gas stream 330 is acceptable and an
additional source of olefins is not needed. Hydrocarbon
stream 370 includes hydrocarbons having a carbon number of
at least 4. Hydrocarbons having a carbon number of at least 4
include, but are not limited to, butanes, pentanes, hexanes,
heptanes, and octanes. In certain embodiments, hydrocarbons
produced from alkylation unit 368 have an octane number
greater than 70, greater than 80, or greater than 90. In some
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embodiments, hydrocarbon stream 370 is suitable for use as
gasoline without further processing.

[0436] In some embodiments, bottoms stream 364 may be
hydrocracked to produce naphtha and/or other products. The
resulting naphtha may, however, need reformation to alter the
octane level so that the product may be sold commercially as
gasoline. Alternatively, bottoms stream 364 may be treated in
a catalytic cracker to produce naphtha and/or feed for an
alkylation unit. In some embodiments, naphtha stream 358,
kerosene stream 360, and diesel stream 362 have an imbal-
ance of paraffinic hydrocarbons, olefinic hydrocarbons, and/
or aromatic hydrocarbons. The streams may not have a suit-
able quantity of olefins and/or aromatics for use in
commercial products. This imbalance may be changed by
combining at least a portion of the streams to form combined
stream 366 which has a boiling range distribution from about
38° C. to about 343° C. Catalytically cracking combined
stream 366 may produce olefins and/or other streams suitable
for use in an alkylation unit and/or other processing units. In
some embodiments, naphtha stream 358 is hydrocracked to
produce olefins.

[0437] In FIG. 10, combined stream 366 and bottoms
stream 364 from fractionation unit 354 enters catalytic crack-
ing unit 372. Under controlled cracking conditions (for
example, controlled temperatures and pressures), catalytic
cracking unit 372 produces additional C;-Cs hydrocarbon
stream 356', gasoline hydrocarbons stream 374, and addi-
tional kerosene stream 360'.

[0438] Additional C;-Cs hydrocarbon stream 356' may be
sent to alkylation unit 368, combined with C,-C; hydrocar-
bon stream 356, and/or combined with hydrocarbon gas
stream 330 to produce gasoline suitable for commercial sale.
In some embodiments, the olefin content in hydrocarbon gas
stream 330 is acceptable and an additional source of olefins is
not needed.

[0439] In some embodiments, an amount of the produced
bottoms stream (for example, VGO) is too low to sustain
operation of a hydrocracking unit or catalytic cracking unit
and the concentration of olefins in the produced gas streams
from a fractionation unit and/or a catalytic cracking unit (for
example, from fractionation unit 354 and/or from catalytic
cracking unit 372 in FIG. 10) may be too low to sustain
operation of an alkylation unit. The naphtha produced from
the fractionation unit may be treated to produce olefins for
further processing in, for example, an alkylation unit. Refor-
mulated gasoline produced by conventional naphtha reform-
ing processes may not meet commercial specifications such
as, for example, California Air Resources Board mandates
when liquid stream produced from an in situ heat treatment
process liquid is used as a feed stream. An amount of olefins
in the naphtha may be saturated during conventional
hydrotreating prior to the reforming naphtha process. Thus,
reforming of all the hydrotreated naphtha may result in a
higher than desired aromatics content in the gasoline pool for
reformulated gasoline. The imbalance in the olefin and aro-
matic content in the reformed naphtha may be changed by
producing sufficient alkylate from an alkylation unit to pro-
duce reformulated gasoline. Olefins (for example, propylene
and butylenes) generated from fractionation and/or cracking
of the naphtha may be combined with isobutane to produce
gasoline. In addition, it has been found that catalytically
cracking the naphtha and/or other fractionated streams pro-
duced in a fractionating unit requires additional heat because
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of a reduced amount of coke production relative to other
feedstocks used in catalytic cracking units.

[0440] FIG. 11 depicts a schematic for treating liquid
streams produced from an in situ heat treatment process
stream to produce olefins and/or liquid streams. Similar pro-
cesses to produce middle distillate and olefins are described
in International Publication No. WO 2006/020547 and U.S.
Patent Application Publication Nos. 20060191820 and
20060178546 to Mo et al., all of which are incorporated by
referenced herein. Liquid stream 376 enters catalytic crack-
ing system 378. Liquid stream 376 may include, but is not
limited to, liquid stream 334, hydrotreated liquid stream 352,
filtered liquid stream 344, naphtha stream 358, kerosene
stream 360, diesel stream 362, and bottoms stream 364 from
the system depicted in FIG. 10, any hydrocarbon stream
having a boiling range distribution between 65° C. and 800°
C., or mixtures thereof. In some embodiments, steam 272
enters catalytic cracking system 378 and may atomize and/or
lift liquid stream 376 to enhance contact of the liquid stream
with the catalytic cracking catalyst. A ratio of steam to atom-
ize liquid stream 376 to feedstock may range from 0.01 to 2 by
weight, or from 0.1 to 1 by weight.

[0441] In catalytic cracking system 378, liquid stream 376
is contacted with a catalytic cracking catalyst to produce one
or more crude products. The catalytic cracking catalyst
includes a selected catalytic cracking catalyst, at least a por-
tion of used regenerated cracking catalyst stream 380, at least
a portion of a regenerated cracking catalyst stream 382, or a
mixture thereof. Used regenerated cracking catalyst 380
includes a regenerated cracking catalyst that has been used in
second catalytic cracking system 384. Second catalytic
cracking system 384 may be used to crack hydrocarbons to
produce olefins and/or other crude products. Hydrocarbons
provided to second catalytic cracking system 384 may
include C;-Cs hydrocarbons produced from the production
wells, gasoline hydrocarbons, hydrowax, hydrocarbons pro-
duced from Fischer-Tropsch processes, biofuels, or combi-
nations thereof. The use of a mixture of different types of
hydrocarbon feed to the second catalytic cracking system
may enhance C,-C; olefin production to meet the alkylate
demand. Thus, integration of the products with refinery pro-
cesses may be enhanced. Second catalytic cracking system
384 may be a dense phase unit, a fixed fluidized bed unit, a
riser, a combination of the above mentioned units, or any unit
or configuration of units known in the art for cracking hydro-
carbons.

[0442] Contact of the catalytic cracking catalyst and the
liquid stream 376 in catalytic cracking system 378 produces a
crude product and spent cracking catalyst. The crude product
may include, but is not limited to, hydrocarbons having a
boiling point distribution that is less than the boiling point
distribution of liquid stream 376, a portion of liquid stream
376, or mixtures thereof. The crude product and spent catalyst
enters separation system 386. Separation system 386 may
include, for example, a distillation unit, a stripper, a filtration
system, a centrifuge, or any device known in the art capable of
separating the crude product from the spent catalyst.

[0443] Separated spent cracking catalyst stream 388 exits
separation system 386 and enters regeneration unit 390. In
regeneration unit 390, spent cracking catalyst is contacted
with oxygen source 392 (for example, oxygen and/or air)
under carbon burning conditions to produce regenerated
cracking catalyst stream 382 and combustion gases 394.
Combustion gases may form as a by-product of the removal of
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carbon and/or other impurities formed on the catalyst during
the catalytic cracking process.

[0444] The temperature in regeneration unit 390 may range
from about 621° C. to about 760° C. or from about 677° C. to
about 715° C. The pressure in regeneration unit 390 may
range from atmospheric to about 0.345 MPa or from about
0.034 to about 0.345 MPa. The residence time of the sepa-
rated spent cracking catalyst in regeneration unit 390 ranges
from about 1 to about 6 minutes or from or about 2 to about 4
minutes. The coke content on the regenerated cracking cata-
lyst is less than the coke content on the separated spent crack-
ing catalyst. Such coke content is less than 0.5% by weight,
with the weight percent being based on the weight of the
regenerated cracking catalyst excluding the weight of the
coke content. The coke content of the regenerated cracking
catalyst may range from 0.01% by weight to 0.5% by weight,
0.05% by weight to 0.3% by weight, or 0.1% by weight to
0.2% by weight.

[0445] In some embodiments, regenerated cracking cata-
lyst stream 382 may be divided into two streams with at least
aportion of regenerated cracking catalyst stream 382' exiting
regeneration unit 390 and entering second catalytic cracking
system 384. At least another portion of regenerated cracking
catalyst stream 382 exits regenerator 390 and enters catalytic
cracking system 378. The relative 