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ABSTRACT

Methods are provided that include the steps of providing

wells 1n a formation, establishing one or more fractures in the
formation, such that each fracture intersects at least one of the

wells, placing electrically conductive material in the fracture,
and applying an electric voltage across the fracture and
through the material such that suificient heat 1s generated by
clectrical resistivity within the material to heat and/or pyro-
lyze organic matter 1 the formation to form producible
hydrocarbons.
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METHODS OF TREATING SUBERRANEAN
FORMATION TO CONVERT ORGANIC
MATTER INTO PRODUCIBLE
HYDROCARBONS

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 12/011,456 filed on Jan. 25, 2008, now
allowed, which 1s a continuation-in-part of U.S. application
Ser. No. 10/558,068, filed Nov. 22, 2005, which 1s the

National Stage Application of International Application No.
PCT/US2004/011508, filed Apr. 14, 2004, which claims the

benelit of both U.S. Provisional Application Nos. 60/482,135
filed on Jun. 24, 2003 and 60/511,994 filed on Oct. 16, 2003.

All of the above-referenced applications are incorporated
herein 1n their entirety by reference.

FIELD OF THE INVENTION

[0002] This invention relates to methods of treating a sub-
terranean formation to convert organic matter into producible
hydrocarbons. More particularly, this invention relates to
such methods that include the steps of providing wells 1n the
formation, establishing fractures in the formation, such that
cach fracture intersects at least one of the wells, placing
clectrically conductive material 1n the fractures, and generat-
ing electric current through the fractures and through the
clectrically conductive material such that sutficient heat 1s
generated by electrical resistivity within the electrically con-
ductive material to pyrolyze organic matter into producible
hydrocarbons.

BACKGROUND OF THE INVENTION

[0003] A Table of References 1s provided herein, immedi-
ately preceding the claims. All REF. numbers referred to
herein are identified 1n the Table of References.

[0004] a1l shales, source rocks, and other organic-rich
rocks contain kerogen, a solid hydrocarbon precursor that
will convert to producible o1l and gas upon heating. Produc-
tion of o1l and gas from kerogen-containing rocks presents
two primary problems. First, the solid kerogen must be con-
verted to o1l and gas that will flow through the rock. When
kerogen 1s heated, 1t undergoes pyrolysis, chemical reactions
that break bonds and form smaller molecules like o1l and gas.
The second problem with producing hydrocarbons from o1l
shales and other organic-rich rocks 1s that these rocks typi-
cally have very low permeability. By heating the rock and
transforming the kerogen to o1l and gas, the permeability 1s
increased.

[0005] Several technologies have been proposed {for
attempting to produce oil and gas from kerogen-containing
rocks.

[0006] Near-surface o1l shales have been mined and
retorted at the surface for over a century. In 1862, James
Young began processing Scottish o1l shales, and that industry
lasted for about 100 years. Commercial o1l shale retorting has
also been conducted in other countries such as Australia,
Brazil, China, Estoma, France, Russia, South Africa, Spain,
and Sweden. However, the practice has been mostly discon-
tinued 1n recent years because 1t proved to be uneconomic or
because of environmental constraints on spent shale disposal
(REF. 26). Further, surface retorting requires mining oi the o1l
shale, which limits application to shallow formations.
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[0007] Techniques for in situ retorting of oil shale were
developed and pilot tested with the Green River o1l shale 1n
the United States. In situ processing olfers advantages
because 1t reduces costs associated with material handling
and disposal of spent shale. For the 1n situ pilots, the o1l shale
was first rubblized and then combustion was carried out by air
injection. A rubble bed with substantially uniform fragment
s1ze and substantially uniform distribution of void volume
was a key success factor in combustion sweep efficiency.
Fragment size was of the order of several inches.

[0008] Two modifiedn situpilots were performed by Occi-
dental and Rio Blanco (REF. 1; REF. 21). A portion of the o1l
shale was mined out to create a void volume, and then the
remaining o1l shale was rubblized with explosives. Air was
injected at the top of the rubble chamber, the o1l shale was
1gnited, and the combustion front moved down. Retorted o1l
ahead of the front drained to the bottom and was collected
there.

[0009] In another pilot, the “true” 1n situ GEOKINETICS
process produced a rubblized volume with carefully designed
explosive placement that lifted a 12-meter overburden (REF.
23). Air was 1mjected via wellbores at one end of the rubblized
volume, and the combustion front moved horizontally. The o1l
shale was retorted ahead of the burn; o1l drained to the bottom
of the rubblized volume and to production wells at one end.

[0010] Results from these 1n situ combustion pilots 1ndi-
cated technical success, but the methods were not commer-
cialized because they were deemed uneconomic. Oil shale
rubblization and air compression were the primary cost driv-
ers

[0011] A few authors and inventors have proposed in situ
combustion in fractured o1l shales, but field tests, where per-
tformed, indicated a limited reach from the wellbore (REF. 10;

REF. 11; REF. 17).

[0012] An in situ retort by thermal conduction from heated
wellbores approach was invented by Ljungstrom in 1940 and
pioneered by the Swedish Shale Oi1l Co. with a full scale plant
that operated from 1944 into the 1950°s (REF. 19; REF. 24).
The process was applied to a permeable o1l shale at depths of
6 to 24 m near Norrtorp, Sweden. The field was developed
with hexagonal patterns, with six heater wells surrounding
cach vapor production well. Wells were 2.2 m apart. Electri-
cal resistance heaters 1n wellbores provided heat for a period
of five months, which raised the temperature at the production
wells to about 400° C. Hydrocarbon vapor production began
when the temperature reached 280° C. and continued beyond
the heating period. The vapors condensed to a light o1l prod-
uct having a specific gravity of 0.87.

[0013] Van Meurs and others further developed the
approach of conductive heating from wellbores (REF. 24).
They patented a process to apply the approach to imperme-
able o1l shales with heater wells at 600° C. and well spacings
greater than 6 m. They propose that the heat-injection wells
may be heated either by electrical resistance heaters or by
gas-fired combustion heaters. The inventors performed field
tests 1n an outcropping o1l shale formation with wells 6 to 12
m deep and 0.6 m apart. After three months, temperatures
reached 300° C. throughout the test area. O1l yields were 90%
of Fischer Assay. The inventors observed that permeability
increased between the wellbores, and they suggest that 1t may
be a result of horizontal fractures formed by the volume
expansion of the kerogen to hydrocarbon reaction.

[0014] Because conductive heating 1s limited to distances
of several meters, conductive heating from wellbores must be
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developed with very closely spaced wells. This limits eco-
nomic application of the process to very shallow o1l shales

(low well costs) and/or very thick o1l shales (higher yield per
well).

[0015] Covell and others proposed retorting a rubblized
bed of o1l shale by gasification and combustion of an under-
lying coal seam (REF. 5). Their process named Total
Resource Energy Extraction (1 REE), called for upward con-
vection of hot flue gases (727° C.) from the coal seam 1nto the
rubblized o1l shale bed. Models predicted an operating time of
20 days, and an estimated o1l yield of 89% of Fischer Assay.
Large-scale experiments with 1injection of hot flue gases into
beds of o1l shale blocks showed considerable coking and
cracking, which reduced o1l recovery to 68% of Fischer
Assay. As with the 1n situ o1l shale retorts, the o1l shale
rubblization mvolved 1n this process limits 1t to shallow o1l
shales and 1s expensive.

[0016] Passey et al. describe a process to produce hydro-
carbons from organic-rich rocks by carrying out 1n situ com-
bustion of o1l 1n an adjacent reservoir (REF. 16). The organic-
rich rock is heated by thermal conduction from the high
temperatures achieved 1n the adjacent reservoir. Upon heating,
to temperatures 1 excess ol 250° C., the kerogen in the
organic-rich rocks is transformed to o1l and gas, which are
then produced. The permeability of the organic-rich rock
increases as a result of the kerogen transtormation. This pro-
cess 1s limited to organic-rich rocks that have an o1l reservoir
in an adjacent formation.

[0017] Inan in situretort by electromagnetic heating of the
formation, electromagnetic energy passes through the forma-
tion, and the rock 1s heated by electrical resistance or by the
absorption of dielectric energy. To our knowledge it has not
been applied to o1l shale, but field tests have been performed
in heavy o1l formations.

[0018] The technical capability of resistive heating within a
subterrancan formation has been demonstrated in a heavy-oil
pilot test where “clectric preheat” was used to tlow electric
current between two wells to lower viscosity and create com-
munication channels between wells for follow-up with a
steam flood (REF. 4). Resistive heating within a subterranean
formation has been patented and applied commercially by
running alternating current or radio Irequency electrical
energy between stacked conductive fractures or electrodes 1n
the same well (REF. 14; REF. 6; REF. 15; REF. 12). REF. 7
includes a description of resistive heating within a subterra-
nean formation by runmng alternating current between dii-
terent wells. Others have described methods to create an
clfective electrode 1n a wellbore (REF. 20; REF. 8). REF. 27
describes a method by which electric current 1s flowed
through a fracture connecting two wells to get electric tlow
started 1n the bulk of the surrounding formation; heating of
the formation occurs primarily due to the bulk electrical resis-
tance of the formation.

[0019] Resistive heating of the formation with low-ire-
quency electromagnetic excitation 1s limited to temperatures
below the 1n situ boiling point of water to maintain the cur-
rent-carrying capacity of the rock. Therefore, 1t 1s not appli-
cable to kerogen conversion where much higher temperatures
are required for conversion on production timeframes.

[0020] High-frequency heating (radio or microwave fre-
quency) offers the capability to bridge dry rock, so 1t may be
used to heat to higher temperatures. A small-scale field
experiment confirmed that high temperatures and kerogen
conversion could be achieved (REF. 2). Penetration 1s limited
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to a few meters (REF. 25), so this process would require many
wellbores and 1s unlikely to yield economic success.

[0021] In these methods that utilize an electrode to deliver
clectrical excitation directly to the formation, electrical
energy passes through the formation and 1s converted to heat.
One patent proposes thermal heating of a gas hydrate from an
clectrically conductive fracture proppant in only one well,
with current flowing into the fracture and presumably to
ground (REF. 9).

[0022] Even i view of currently available and proposed
technologies, 1t would be advantageous to have improved
methods of treating subterranean formations to convert
organic matter into producible hydrocarbons.

[0023] Therefore, an object of this invention 1s to provide
such 1improved methods. Other objects of this invention waill
be made apparent by the following description of the mnven-
tion.

SUMMARY OF THE INVENTION

[0024] Methods of treating a subterranean formation that
contains solid organic matter are provided. In one embodi-
ment, a method according to this mvention comprises the
steps ol: (a) providing one or more wells that penetrate a
treatment interval within the subterrancan formation; (b)
establishing at least one fracture from at least one of said
wells, whereby said fracture intersects at least one of said
wells; (¢) placing electrically conductive material in said
fracture; and (d) passing electric current through said fracture
such that said current passes through at least a portion of said
clectrically conductive material and suificient heat 1s gener-
ated by electrical resistivity within said portion of said elec-
trically conductive material to pyrolyze at least a portion of
said solid organic matter mto producible hydrocarbons. In
one embodiment, said electrically conductive material com-
prises a proppant. In one embodiment, said electrically con-
ductive material comprises a conductive cement. In one
embodiment, one or more of said fractures intersects at least
two of said wells. In one embodiment, said subterranean
formation comprises o1l shale. In one embodiment, said well
1s substantially vertical. In one embodiment, said well 1s
substantially horizontal. In one embodiment, said fracture 1s
substantially horizontal. In one embodiment, said fracture 1s
substantially vertical. In one embodiment, said fracture 1s
substantially longitudinal to the well from which it 1s estab-
lished.

[0025] In one embodiment of this mvention, a method of
treating a subterrancan formation that contains solid organic
matter 1s provided wherein said method comprises the steps
of: (a) providing one or more wells that penetrate a treatment
interval within the subterranean formation; (b) establishing at
least one fracture from at least one of said wells, whereby said
fracture intersects at least one of said wells; (¢) placing elec-
trically conductive proppant material in said fracture; and (d)
passing electric current through said fracture such that said
current passes through at least a portion of said electrically
conductive proppant material and suificient heat 1s generated
by electrical resistivity within said portion of said electrically
conductive proppant material to pyrolyze at least a portion of
said solid organic matter into producible hydrocarbons.
[0026] In another embodiment, a method of treating a sub-
terranean formation that contains solid organic matter 1s pro-
vided wherein said method comprises the steps of: (a) pro-
viding two or more wells that penetrate a treatment interval
within the subterranean formation; (b) establishing at least
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one Iracture from at least one of said wells, whereby said
fracture intersects at least two of said wells; (¢) placing elec-
trically conductive material in said fracture; and (d) passing,
clectric current through said fracture such that said current
passes through at least a portion of said electrically conduc-
tive material and sufficient heat 1s generated by electrical
resistivity within said portion of said electrically conductive
material to pyrolyze at least a portion of said solid organic
matter into producible hydrocarbons.

[0027] In another embodiment, a method of treating a sub-
terranean formation that contains solid organic matter 1s pro-
vided wherein said method comprises the steps of: (a) pro-
viding two or more wells that penetrate a treatment interval
within the subterranean formation; (b) establishing at least
one Iracture from at least one of said wells, whereby said
fracture intersects at least two of said wells; (¢) placing elec-
trically conductive proppant material in said fracture; and (d)
passing electric current through said fracture such that said
current passes through at least a portion of said electrically
conductive proppant material and sufficient heat 1s generated
by electrical resistivity within said portion of said electrically
conductive proppant material to pyrolyze at least a portion of
said solid organic matter into producible hydrocarbons.

[0028] In another embodiment, a method of treating a
heavy o1l or tar sand subterranean formation containing
hydrocarbons 1s provided wherein said method comprises the
steps of: (a) providing one or more wells that penetrate a
treatment interval within the subterrancan formation; (b)
establishing at least one fracture from at least one of said
wells, whereby said fracture intersects at least one of said
wells; (¢) placing electrically conductive material 1n said
fracture; and (d) passing electric current through said fracture
such that said current passes through at least a portion of said
clectrically conductive material and sufficient heat 1s gener-
ated by electrical resistivity within said portion of said elec-
trically conductive material to reduce the viscosity of at least
a portion of said hydrocarbons.

[0029] In another embodiment, a method of treating a sub-
terranean formation that contains solid organic matter 1s pro-
vided wherein said method comprises: (a) providing one or
more wells that penetrate a treatment 1nterval within the sub-
terrancan formation; (b) establishing at least one fracture
from at least one of said wells, whereby said fracture inter-
sects at least one of said wells; (¢) placing electrically con-
ductive material in said fracture, wherein said electrically
conductive material 1s comprised of a mixture of at least a first
material and a second matenal; (d) placing two electrodes in
contact with the electrically conductive material; and (e)
applying a voltage across the two electrodes causing an elec-
tric current to pass through said fracture such that said current
passes through at least a portion of said electrically conduc-
tive material and sufficient heat 1s generated by electrical
resistivity within said portion of said electrically conductive
materal to pyrolyze at least a portion of said solid organic
matter into producible hydrocarbons.

[0030] In another embodiment, a method of treating a
heavy o1l or tar sand subterrancan formation containing
hydrocarbons 1s provided, wherein said method comprises:
(a) providing one or more wells that penetrate a treatment
interval within the subterranean formation; (b) establishing at
least one fracture from at least one of said wells, whereby said
fracture intersects at least one of said wells; (¢) placing elec-
trically conductive material 1n said fracture, wherein said
clectrically conductive material 1s comprised of a mixture of
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at least a first material and a second material; (d) placing two
clectrodes 1n contact with the electrically conductive mate-
rial; and (e) applying a voltage across the two electrodes
causing an electric current to pass through said fracture such
that said current passes through at least a portion of said
clectrically conductive material and suificient heat 1s gener-
ated by electrical resistivity within said portion of said elec-
trically conductive material to reduce the viscosity of at least
a portion of said hydrocarbons.

[0031] In another embodiment, a method of producing
hydrocarbon fluids 1s provided, wherein the method com-
prises heating a subterranean formation that contains solid
organic matter, thereby pyrolyzing the solid organic matter to
form producible hydrocarbons and producing at least a por-
tion of the producible hydrocarbons to the surface, wherein
the heating comprises: (a) providing one or more wells that
penetrate a treatment interval within the subterranean forma-
tion; (b) establishing at least one fracture from at least one of
said wells, whereby said fracture intersects at least one of said
wells;(c) placing electrically conductive material in said frac-
ture, wherein said electrically conductive material 1s com-
prised of a mixture of at least a first material and a second
material; (d) placing two electrodes 1n contact with the elec-
trically conductive material; and (e) applying a voltage across
the two electrodes causing an electric current to pass through
said fracture such that said current passes through at least a
portion of said electrically conductive material and sufficient
heat 1s generated by electrical resistivity within said portion
of said electrically conductive material to pyrolyze at least a
portion of said solid organic matter into producible hydrocar-
bons.

[0032] In another embodiment, a method of producing
hydrocarbon fluids 1s provided, wherein the method com-
prises heating a subterranean heavy o1l or tar sand formation
containing hydrocarbons, thereby reducing the hydrocarbons
viscosity, and producing at least a portion of the reduced
viscosity hydrocarbons to the surface, wherein the heating
comprises: (a) providing one or more wells that penetrate a
treatment interval within the subterrancan formation; (b)
establishing at least one fracture from at least one of said
wells, whereby said fracture intersects at least one of said
wells; (¢) placing electrically conductive material 1n said
fracture, wherein said electrically conductive material 1s
comprised of a mixture of at least a first material and a second
material; (d) placing two electrodes 1n contact with the elec-
trically conductive matenial; and (e) applying a voltage across
the two electrodes causing an electric current to pass through
said fracture such that said current passes through at least a
portion of said electrically conductive material and sufficient
heat 1s generated by electrical resistivity within said portion
of said electrically conductive material to reduce the viscosity
of at least a portion of said hydrocarbons, thereby forming
reduced viscosity hydrocarbons.

[0033] In another embodiment, a method of producing
hydrocarbon fluids 1s provided, wherein the method com-
prises heating a subterranean formation that contains organic
matter comprised of solid organic matter, heavy oil, tar sands,
or combinations thereolf, thereby pyrolyzing or reducing the
viscosity of at least a portion of the organic matter, forming,
producible hydrocarbons and producing at least a portion of
the producible hydrocarbons to the surface, wherein the heat-
ing comprises: (a) providing one or more wells that penetrate
a treatment interval within the subterranean formation; (b)
establishing at least one fracture from at least one of said



US 2010/0078169 Al

wells, whereby said fracture intersects at least one of said
wells; (¢) placing electrically conductive material 1n said
fracture, wherein said electrically conductive material 1s
comprised of a mixture of at least a first material and a second
material; (d) placing two electrodes 1n contact with the elec-
trically conductive material; and (e) applying a voltage across
the two electrodes causing an electric current to pass through
said fracture such that said current passes through at least a
portion of said electrically conductive material and suificient
heat 1s generated by electrical resistivity within said portion
of said electrically conductive material to pyrolyze at least a

portion of said solid organic matter into producible hydrocar-
bons.

[0034] This mnvention uses an electrically conductive mate-
rial as a resistive heater. FElectrical current flows primarily
through the resistive heater comprised of the electrically con-
ductive material. Within the resistive heater, electrical energy
1s converted to thermal energy, and that energy 1s transported
to the formation by thermal conduction.

[0035] Broadly, the mvention 1s a process that generates
hydrocarbons from organic-rich rocks (1.e., source rocks, o1l
shale). The process utilizes electric heating of the organic-
rich rocks. An 1n situ electric heater 1s created by delivering
clectrically conductive material into a fracture 1n the organic
matter containing formation in which the process 1s applied.
In describing this mvention, the term “hydraulic fracture” is
used. However, this invention 1s not limited to use in hydraulic
fractures. The mvention 1s suitable for use 1n any fracture,
created 1n any manner considered to be suitable by one skilled
in the art. In one embodiment of this invention, as will be
described along with the drawings, the electrically conduc-
tive material may comprise a proppant material; however, this
invention 1s not limited thereto. FIG. 1 shows an example
application of the process 1n which heat 10 1s delivered via a
substantially horizontal hydraulic fracture 12 propped with
essentially sand-sized particles of an electrically conductive
material (not shown 1n FIG. 1). A voltage 14 1s applied across
two wells 16 and 18 that penetrate the fracture 12. An AC
voltage 14 1s preferred because AC 1s more readily generated
and minimizes electrochemical corrosion, as compared to DC
voltage. However, any form of e¢lectrical energy, including
without limitation, DC, 1s suitable for use 1n this invention.
Propped fracture 12 acts as a heating element; electric current
passed through 1t generates heat 10 by resistive heating. Heat
10 1s transferred by thermal conduction to organic-rich rock
15 surrounding fracture 12. As a result, organic-rich rock 15
1s heated sulliciently to convert kerogen contained in rock 135
to hydrocarbons. The generated hydrocarbons are then pro-
duced using well-known production methods. FIG. 1 depicts
the process of this mvention with a single horizontal hydrau-
lic fracture 12 and one pair of vertical wells 16, 18. The
process of this mvention 1s not limited to the embodiment
shown 1n FIG. 1. Possible vanations include the use of hori-
zontal wells and/or vertical fractures. Commercial applica-
tions might involve multiple fractures and several wells 1n a
pattern or line-drive formation. The key feature distinguish-
ing this mvention from other treatment methods for forma-
tions that contain organic matter 1s that an 1n situ heating
clement 1s created by the delivery of electric current through
a fracture contaiming electrically conductive material such
that sufficient heat 1s generated by electrical resistivity within
the material to pyrolyze at least a portion of the organic matter
into producible hydrocarbons.
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[0036] Any means of generating the voltage/current
through the electrically conductive material 1n the fractures
may be employed, as will be familiar to those skilled 1n the art.
Although variable with organic-rich rock type, the amount of
heating required to generate producible hydrocarbons, and
the corresponding amount of electrical current required, can
be estimated by methods familiar to those skilled 1n the art.
Kinetic parameters for Green River o1l shale, for example,
indicate that for a heating rate of 100° C. (180° F.) per year,
complete kerogen conversion will occur at a temperature of
about324° C. (615° F.). Fifty percent conversion will occur at
a temperature of about 291° C. (555° F.). Oil shale near the
fracture will be heated to conversion temperatures within
months, but it 1s likely to require several years to attain ther-
mal penetration depths required for generation of economic
reserves.

[0037] During the thermal conversion process, o1l shale
permeability 1s likely to increase. This may be caused by the
increased pore volume available for flow as solid kerogen 1s
converted to liquid or gaseous hydrocarbons, or 1t may result
from the formation of fractures as kerogen converts to hydro-
carbons and undergoes a substantial volume increase within a
confined system. If 1nitial permeability 1s too low to allow
release of the hydrocarbons, excess pore pressure will even-
tually cause fractures.

[0038] The generated hydrocarbons may be produced via
the same wells by which the electric power 1s delivered to the
conductive fracture, or additional wells may be used. Any
method of producing the producible hydrocarbons may be
used, as will be familiar to those skilled 1n the art.

DESCRIPTION OF THE DRAWINGS

[0039] The advantages of the present invention will be bet-
ter understood by referring to the following detailed descrip-
tion and the attached drawings 1n which:

[0040] FIG. 1 1llustrates one embodiment of this invention;
[0041] FIG. 21llustrates another embodiment of this inven-
tion; and

[0042] FIG. 3, FIG. 4, and FIG. 5, 1llustrate a laboratory

experiment conducted to test a method according to this
invention.

[0043] FIG. 6 1llustrates one embodiment of the mvention
that uses a mixture of two materials to form a fracture pack
material.

[0044] While the invention will be described 1n connection
with its preferred embodiments, 1t will be understood that the
invention 1s not limited thereto. On the contrary, the invention
1s 1ntended to cover all alternatives, modifications, and
equivalents which may be included within the spirit and scope
of the present disclosure, as defined by the appended claims.

DETAILED DESCRIPTION OF THE INVENTION

[0045] Referring now to FIG. 2, a preferred embodiment of
this invention 1s illustrated. FIG. 2 shows an example appli-
cation of the process 1n which heat 1s delivered via a plurality
of substantially vertical hydraulic fractures 22 propped with
particles of an electrically conductive material (not shown in
FIG. 2). Each hydraulic fracture 22 1s longitudinal to the well
from which 1t 1s established. A voltage 24 1s applied across
two or more wells 26, 28 that penetrate the fractures 22. In this
embodiment, wells 26 are substantially horizontal and wells
28 are substantially vertical. An AC voltage 24 1s preferred
because AC 1s more readily generated and mimimizes electro-
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chemical corrosion, as compared to DC voltage. However,
any form of electrical energy, including without limitation,
DC, 1s suitable for use in this invention. As shown 1n FIG. 2,
in this embodiment the positive ends of the electrical circuits
generating voltage 24 are at wells 26 and the negative ends of
the circuits are at wells 28. Propped fractures 22 act as heating,
clements; electric current passed through propped fractures
22 generate heat by resistive heating. This heat 1s transferred
by thermal conduction to organic-rich rock 25 surrounding
fractures 22. As a result, organic-rich rock 23 1s heated sufli-
ciently to convert kerogen contained 1n rock 25 to hydrocar-
bons. The generated hydrocarbons are then produced using
well-known production methods. Using this embodiment of
the invention, as compared to the embodiment 1llustrated in
FIG. 1, a greater volume of organic-rich rock can be heated
and the heating can be made more uniform, causing a smaller
volume of organic-rich rock to be heated in excess of what 1s
required for complete kerogen conversion. The embodiment
illustrated 1n FIG. 2 1s not intended to limit any aspect of this
ivention.

[0046] Fractures into which conductive material 1s placed
may be substantially vertical or substantially horizontal. Such
a fracture may be, but 1s not required to be, substantially
longitudinal to the well from which 1t 1s established.

[0047] Any suitable materials may be used as the electri-
cally conducting fracture proppant. To be suitable, a candi-
date material preferably meets several criteria, as will be
tamiliar to those skilled in the art. The electrical resistivity of
the proppant bed under anticipated 1n situ stresses 1s prefer-
ably high enough to provide resistive heating while also being
low enough to conduct the planned electric current from one
well to another. The proppant material also preferably meets
the usual critena for fracture proppants: e.g., suilicient
strength to hold the fracture open, and a low enough density to
be pumped into the fracture. Economic application of the
process may set an upper limit on acceptable proppant cost.
Any suitable proppant material or electrically conductive
material may be used, as will be familiar to those skilled 1n the
art. Three suitable classes of proppant comprise (1) thinly
metal-coated sands, (11) composite metal/ceramic materials,
and (111) carbon based materials. A suitable class of non-
proppant electrically conductive material comprises conduc-
tive cements. More specifically, green or black silicon car-
bide, boron carbide, or calcined petroleum coke may be used
as a proppant. One skilled 1n the art has the ability to select a
suitable proppant or non-proppant electrically conductive
material for use 1n this invention. The electrically conductive
material 1s not required to be homogeneous, but may com-
prise a mixture of two or more suitable electrically conductive
materials. Further, the electrically conductive material may
be comprised of a mixture of one electrically conductive
material and one substantially non-electrically conductive
material.

[0048] In some embodiments where the first material com-
prising the electrically conductive material 1s itself an elec-
trically conductive material, the second material may be
either electrically conductive or substantially non-electrically
conductive. An electrically conductive second material may
be chosen to aid in maintaining a dispersed electrical connec-
tion throughout a substantial portion of the entire fracture
pack area. For example, the first material may be an electri-
cally conductive substantially spherical proppant material
and the second material may be an elongated electrically
conductive material. The phrase elongated material 1s meant
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to refer to a material that has an average length that 1s at least
2.0 times greater than the materials average width. In alter-
native embodiments, an elongated material may have an aver-
age length that 1s at least 5.0, 10.0, or 15.0 times greater than
the matenals average width. Where the elongated material 1s
also electrically conductive, the elongated material may func-
tion to help maintain a dispersed electricity tlow through a
large portion of the fracture pack by functioming as an elec-
trical connection between 1individual electrically conductive
proppants. Thus the electrically conductive elongated mate-
rial may help 1n establishing and/or maintaiming electricity
flow through a greater portion of the mass of the electrically
conductive proppant material comprising the fracture pack.
The elongated material may also function to maintain the
structural integrity of the electrically conductive fracture
pack area. Heating and/or fluid flow within or near the frac-
ture may produce forces that will tend to move portions of the
fracture pack fill matenal. An elongated matenal, together
with a substantially spherical proppant material will tend to
form a composite fracture pack fill material that 1s more
resistant to displacement than a spherical proppant material
alone. The above-described displacement resistance of the
composite fracture pack fill matenial 1s also applicable where
the elongated material 1s substantially non-electrically con-
ductive. The elongated material may preferably have a mini-
mum tlexibility so that the material will tflex but not break
during pumping and during heating operations. Exemplary
clongated materials include fibers, wirelets, shavings, ductile
platelets or combinations thereof. An electrically conductive
clongated material may be comprised of metal.

[0049] The first material and second material of the com-
posite fracture pack material may be delivered and packed in
any selected proportion. In some embodiments employing a
substantially spherical proppant material together with an
clongated material, the elongated material length may be up
to 30 times or more the proppant average grain size. In alter-
nate embodiments, the elongated material length may be
between 1 to 30 times, 2 to 20 times, or to 15 times the average
proppant grain size. In some embodiments employing a sub-
stantially spherical proppant material together with an elon-
gated matenal, the elongated material may have an average
width that 1s less than about 50 percent of the average grain
s1ze ol the proppant material. In alternate embodiments, the
clongated material may have an average width that is less than
about 40, 35 or 30 percent of the average grain size of the
proppant material. In some embodiments employing an elon-
gated material as part of a composite fracture pack matenal,
the width of the elongated material, or second material, may
be less than about 125 percent of the average pore size of a
fracture pack made up of only the first material (e.g., substan-
tially spherical proppant material). In alternate embodiments,
the width of the elongated material may be less than about
100, 95, or 90 percent of the average pore size of a fracture
pack made up of only the first material. In some embodiments
including an elongated material, the substantially spherical
proppant material may comprise 60 to 99.9 weight percent of
the composite fracture pack mass. In alternate embodiments,
the substantially spherical proppant material may comprise
7010 99,75 1o 99 or 80 to 99 weight percent of the composite
fracture pack mass. In some embodiments the elongated
material may comprise 0.1 to 40 weight percent of the com-
posite fracture pack mass. In alternate embodiments, the
clongated material may comprise 0.5 10 30, 1.0to 25 or 2.0 to
20 weight percent of the composite fracture pack mass.
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[0050] FIG. 4 depicts a composite fracture pack material
comprised of a substantially spherical proppant material and
an elongated wirelet material. With reference to FIG. 4, frac-
ture pack material 80 1s comprised of substantially spherical
proppant 81 mixed with elongated wirelet material 82. It can
be seen that the wirelet material 82 1s interspersed within the
proppant material 81 so as to provide the opportunity for both
enhanced electrical connectivity within the fracture pack
mass 80 and enhanced stability of the composite fracture pack
mass 80. In particular, the elongated wirelet material 82

touches multiple substantially spherical proppant particles 81
and may entangle with other elongated wirelets 82.

[0051] In some embodiments where the first material com-
prising the electrically conductive material 1s 1tself an elec-
trically conductive material, the second material may be
either an electrically conductive or substantially non-electri-
cally conductive cement. Cement, by itself, may be essen-
tially non-electrically conductive. However, electrically con-
ductive matenals, including for example graphite, may be
added to cement to make the cement more electrically con-
ductive. In the case where the second material 1s a cement, the
cement material may function to maintain the structural
integrity of the electrically conductive fracture pack area. As
previously discussed, heating and/or fluid flow within or near
the fracture may produce forces that will tend to move por-
tions of the fracture pack fill material. A cement material,
together with a substantially spherical proppant material waill
tend to form a composite fracture pack fill material that 1s
more resistant to displacement than a spherical proppant
material alone. Exemplary conductive cement materials
include those previously discussed. Exemplary substantially
non-electrically conductive cement maternials include Port-

land cement, silica, clay-based cements, or combinations
thereofl.

[0052] The first material and second material of the com-
posite fracture pack material may be delivered and packed in
any selected proportion. In some embodiments employing a
non-electrically conductive fracture pack material, the elec-
trically conductive material may comprise 50 to 99.9 weight
percent of the composite fracture pack mass. In alternate
embodiments, the electrically conductive material may com-
prise 50 to 99, 60 to 99 or 70 to 99 weight percent of the
composite Ifracture pack mass. In some embodiments
employing a non-electrically conductive fracture pack mate-
rial, the non-electrically conductive material may comprise
0.1 to 50 weight percent of the composite fracture pack mass.
In alternate embodiments, the non-electrically conductive
material may comprise 0.1 to 40, 0.1 to 30 or 0.1 to 20 weight
percent of the composite fracture pack mass. In some embodi-
ments employing a cement material as part of a composite
fracture pack material, the volume of cement material, or
second material, may be less than about 125 percent of the
average porosity ol a fracture pack made up of only the first
matenal (e.g., substantially spherical proppant material). In
alternate embodiments, the cement material may be less than
about 100, 93, or 90 percent of the average porosity of a
fracture pack made up of only the first material. In some
embodiments employing a cement material and a substan-
tially spherical proppant matenial, the substantially spherical
proppant material may comprise 40 to 99.9 weight percent of
the composite fracture pack mass. In alternate embodiments,

the substantially spherical proppant material may comprise
50t0 99, 60 to 99 or 70 to 99 weight percent of the composite
fracture pack mass. In some embodiments employing a
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cement material as partof a compo site fracture pack material,
the cement material may comprise 1 to 50 weight percent of
the composite fracture pack mass. In alternate embodiments,
the cement material may comprise 1 t0 40, 5to 30 or 10 to 25
weilght percent of the composite fracture pack mass. In some
embodiments employing a cement fracture pack material, the
second material (e.g., electrically conductive proppant mate-
rial, calcined coke) may comprise 50 to 99.9 weight percent
of the composite fracture pack mass. In alternate embodi-
ments, the second material may comprise 60 to 99, 70 to 99 or
80 to 99 weight percent of the composite fracture pack mass.
[0053] The composite fracture pack may be placed 1n the
fracture as other fracture packs are generally completed, as 1s
known 1n the art. For example, the first material and the
second material may be mixed with an appropriate carrier
fluid having suificient viscosity to carry the mixture of mate-
rials at a chosen fracture volume and fracture packing flow
rate.

[0054] Methods usetul in mixing and flowing cement for
well casing operations and methods useful 1n mixing and
accomplishing fracture packing operations, as are known 1n
the art, may be used for accomplishing the above composite
fracture packing methods.

Example

[0055] A laboratory test was conducted and the test results
show that this invention successiully transforms kerogen 1n a
rock into producible hydrocarbons in the laboratory. Refer-
ring now to FIG. 3 and FIG. 4, a core sample 30 was taken
from a kerogen-containing subterranean formation. As 1llus-
trated 1n FIG. 3, core sample 30 was cut into two portions 32
and 34. A tray 36 having a depth of about 0.25 mm (%16 1nch)
was carved into sample portion 32 and a proxy proppant
material 38 (#170 cast steel shot having a diameter of about
0.1 mm (0.02 inch)) was placed 1n tray 36. As illustrated, a
suificient quantity of proppant material 38 to substantially fill
tray 36 was used. Electrodes 35 and 37 were placed 1n contact
with proppant material 38, as shown. As shown in FIG. 4,
sample portions 32 and 34 were placed 1n contact, as 1f to
reconstruct core sample 30, and placed 1n a stainless steel
sleeve 40 held together with three stainless steel hose clamps
42. The hose clamps 42 were tightened to apply stress to the
proxy proppant (not seen 1n FIG. 4), just as the proppant
would be required to support 1n situ stresses 1n a real appli-
cation. A thermocouple (not shown 1n the FIGs. ) was inserted
into core sample 30 about mid-way between tray 36 and the
outer diameter of core sample 30. The resistance between
clectrodes 35 and 37 was measured at 822 ohms before any
clectrical current was applied.

[0056] The entire assembly was then placed 1n a pressure
vessel (not shown 1n the FI1Gs.) with a glass liner that would
collect any generated hydrocarbons. The pressure vessel was
equipped with electrical feeds. The pressure vessel was
evacuated and charged with Argon at 500 ps1 to provide a
chemically inert atmosphere for the experiment. Electrical
current in the range of 18 to 19 amps was applied between
clectrodes 35 and 37 for 5 hours. The thermocouple 1n core
sample 30 measured a temperature of 268° C. after about 1
hour and thereafter tapered oif to about 250° C. Using calcu-
lation techniques that are well known to those skilled 1n the
art, the high temperature reached at the location of tray 36 was
from about 350° C. to about 400° C.

[0057] Adter the experiment was completed and the core
sample 30 had cooled to ambient temperature, the pressure
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vessel was opened and 0.15 ml of o1l was recovered from the
bottom of the glass liner within which the experiment was
conducted. The core sample 30 was removed from the pres-
sure vessel, and the resistance between electrodes 35 and 37
was again measured. This post-experiment resistance mea-
surement was 49 ohms.

[0058] FIG. S includes (1) chart 52 whose ordinate 51 1s the
clectrical power, 1n watts, consumed during the experiment,
and whose abscissa 33 shows the elapsed time 1n minutes
during the experiment; (11) chart 62 whose ordinate 61 1s the
temperature 1n degrees Celsius measured at the thermocouple
in the core sample 30 (FIGS. 3 and 4) throughout the experi-
ment, and whose abscissa 63 shows the elapsed time 1n min-
utes during the experiment; and (111) chart 72 whose ordinate
71 1s the resistance in ohms measured between electrodes 35
and 37 (FIGS. 3 and 4) during the experiment, and whose
abscissa 73 shows the elapsed time in minutes during the
experiment. Only resistance measurements made during the
heating experiment are included in chart 72, the pre-experi-
ment and post-experiment resistance measurements (822 and
49 ohms) are omitted.
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[0059] Adterthe core sample 30 cooled to ambient tempera-
ture, 1t was removed from the pressure vessel and disas-
sembled. The proxy proppant 38 was observed to be impreg-
nated 1n several places with tar-like hydrocarbons or bitumen,
which were generated from the o1l shale during the experi-
ment. A cross section was taken through a crack that devel-
oped 1n the core sample 30 because of thermal expansion
during the experiment. A crescent shaped section of con-
verted o1l shale adjacent to the proxy proppant 38 was
observed.

[0060] Although this invention 1s applicable to transform-
ing solid organic matter into producible hydrocarbons 1n o1l
shale, this mvention may also be applicable to heavy oil
reservoirs, or tar sands. In these instances, the electrical heat
supplied would serve to reduce hydrocarbon viscosity. Addi-
tionally, while the present invention has been described in
terms ol one or more preferred embodiments, 1t 1s to be
understood that other modifications may be made without
departing from the scope of the invention, which 1s set forth 1n
the claims below.
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We claim:

1. A method of treating a subterranean formation that con-
tains solid organic matter, said method comprising:

(a) providing one or more wells that penetrate a treatment
interval within the subterranean formation;

(b) establishing at least one fracture from at least one of
said wells, whereby said fracture intersects at least one
of said wells;

(¢) placing electrically conductive material 1n said fracture,
wherein said electrically conductive material 1s com-
prised of a mixture of at least a first material and a second
material;

(d) placing two electrodes in contact with the electrically
conductive material; and

(e) applying a voltage across the two electrodes causing an
clectric current to pass through said fracture such that
said current passes through at least a portion of said
clectrically conductive material and suificient heat 1s
generated by electrical resistivity within said portion of
said electrically conductive matenal to pyrolyze at least
a portion of said solid organic matter into producible
hydrocarbons.

2. The method of claim 1 wherein said subterranean for-
mation comprises o1l shale.

3. The method of claim 2, wherein the first material 1s
cement.

4. The method of claim 3, wherein the second material 1s an
clectrically conductive proppant materal.

5. The method of claim 3, wherein the cement 1s substan-
tially non-electrically conductive.

6. The method of claim 2, wherein the first material 1s an
clectrically conductive proppant material.

7. The method of claim 6, wherein the second material 1s an
clongated material.

8. The method of claim 7, wherein the second material 1s a
fiber, wirelet, shaving, or platelet.

9. The method of claim 8, wherein the second material 1s
clectrically conductive.

10. The method of claim 9, wherein the second material 1s
comprised of a metallic material.

11. The method of claim 7, wherein the elongated material
has an average length that 1s between 5 and 30 times the
average grain size of the proppant material.

12. The method of claim 7, wherein the elongated material
has an average width that is less than 50 percent of the average
grain size of the proppant material.

13. A method of treating a heavy o1l or tar sand subterra-
nean formation containing hydrocarbons, said method com-
prising:

(a) providing one or more wells that penetrate a treatment

interval within the subterranean formation;

(b) establishing at least one fracture from at least one of
said wells, whereby said fracture intersects at least one
of said wells;

(¢) placing electrically conductive material in said fracture,
wherein said electrically conductive material 1s com-
prised of amixture of at least a first material and a second
material;

(d) placing two electrodes 1n contact with the electrically
conductive material; and

(¢) applying a voltage across the two electrodes causing an
clectric current to pass through said fracture such that
said current passes through at least a portion of said
clectrically conductive material and sufficient heat 1s
generated by electrical resistivity within said portion of
said electrically conductive material to reduce the vis-
cosity of at least a portion of said hydrocarbons.

14. The method of claim 13, wherein the first material 1s
cement.

15. The method of claim 14, wherein the second material 1s
an electrically conductive proppant material.

16. The method of claim 14, wherein the cement 1s sub-
stantially non-electrically conductive.

17. The method of claim 13, wherein the first material 1s an
clectrically conductive proppant material.

18. The method of claim 17, wherein the second material 1s
an elongated materal.

19. The method of claim 18, wherein the second material 1s
a fiber, wirelet, shaving, or platelet.

20. The method of claim 19, wherein the second material 1s
clectrically conductive.

21. The method of claim 20, wherein the second material 1s
comprised of a metallic material.

22. The method of claim 18, wherein the elongated mate-
rial has an average length that 1s between 5 and 30 times the
average grain size of the proppant material.
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23. The method of claim 18, wherein the elongated mate- (d) placing two electrodes 1n contact with the electrically
rial has an average width that 1s less than 50 percent of the conductive material; and

average grain size ol the proppant material.
24. A method of producing hydrocarbon fluids, compris-
ng:
heating a subterrancan formation that contains organic
matter comprised of solid organic matter, heavy oil, tar

(e) applying a voltage across the two electrodes causing,

an electric current to pass through said fracture such
that said current passes through at least a portion of
said electrically conductive material and suificient

sands, or combinations thereof, wherein the heating heat. 18 genera.ted by el.ectrical resisti?ity Withil} said
comprises: portion of said electnc;ally .conductwe mater}al to
(a) providing one or more wells that penetrate a treat- pyt olyze or _1"3(111‘3‘3 the viscosity of at 1‘_335'[ a portion of
ment interval within the subterranean formation; said organic matter thereby forming producible
(b) establishing at least one fracture from at least one of hydrocarbons; and
said wells, whereby said fracture intersects at least producing at least a portion of the producible hydrocarbons
one of said wells; to the surface.
(¢) placing electrically conductive material in said frac- 25. The method of claim 24, wherein the subterranean
ture, wherein said electrically conductive material 1s formation is an oil shale formation.

comprised of a mixture of at least a first material and
a second material; %k ok ox %
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