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[57) ABSTRACT

A method of electromagnetic heating in situ recovers
liquid hydrocarbons from an oil shale formation con-
taining kerogen in an inorganic matrix where the forma-
tion is substantially impermeable to fluids under native
conditions. A block of the oil shale formation is substan-
tially uniformly heated in situ with electromagnetic
power to a temperature of about 275° C. where there is
pyrolysis of a portion of the kerogen to gas and shale oil
at a pressure sufficient to overcome the capillary pres-
sure of the shale oil in the matrix, thereby providing
substantial fluid permeability 4o the formation. The gas
thereupon escaping from said block and the shale oil
driven thereby are recovered, thereby further increas-
ing the permeability of the formation. The magnitude of
the electromagnetic power is controlled to raise the
temperature of the block relatively slowly to increase
the rate of pyrolysis of the kerogen as the permeability
of the formation increases to produce gas at pressures
above the necessary 10 overcome the capillary pressure
and below that at which there is substantial escape of
the gas bypassing shale oil within the formation rather
than driving the oil before it.

14 Claims, 9 Drawing Figures

20@ 8

RN
HYDROCARBONACEQUS .
DEPOSIT

8 -—/‘?ﬁ-}:‘:j.

BAR REN ROCK




U.S. Patent Dec. 4, 1984 Sheet 1 of 4 4,485,869

ﬂyi
6 A
Ped. 2.
88
GAS RFggURCE
EARTH's Z
SURFACE COAXIAL LINE
e 3.

OVERBURPEN

\ LS
T

)

s&\\ )
/\\i\&\

HYDROCARBONACEOUS \ //// 2 7
=
6 N2 NN
N N1 eid\—f W
:\}?\'\_ \!\ \ ﬂ % \<0 Q\DEPO\SIT
oo , >2 L 3
BARREZEROCK;/ ' 6&\ & N
22 g 24 28 \ \\\\\
o DIV
e @/~%%§ %?
- a ~ (; 7 4
NNINNINNINN i el
&\ WY 227 Qf.g Z
& \ \'- Cpn’ gz gy TR
N \\
N\ \\%Qb
20
e

BARREN ROCK CEAK T
25__/ 22 26



U.S. Patent Dec. 4, 1984 Sheet2 of 4 4,485,869

(o]
i R
1]
[
N
[ap)
o}
-0
~y
(&)
o
Qo
Mo
2
-
<
(%
w
o
=
~ o ow
_gi—-
0
—
¢
Q
-
<
1 [ | ! |
~N w , ~ o]
'o ?CD =} PQ e ‘2

}— 338 ‘M INVLSNGCD 31v¥ NOILOVIY



U.S. Patent Dec. 4, 1984 Sheet 3of 4 4,485,869

eg/6

%, OF OIL RECOVERED

2rg-?
T3 4600 MD
41200
a 100
S 0
500+ 450 2 {1000 5
Q [+
4501 445 & 900 <
> 400l - 140 5 1800 =
- W o
5 350 TEMPERATURE 435 § 4700 =
O
O + >
lL 3001 40 7 600 >
© 2501 425 © 4500 =
ud g cg
x - - -
3 200 20, 140 &
pS o4
< (50F 415 5 4300 &
as - | Q.
w (o]
& 100 PeRMEABILITY |10 > 1200
2 50 15 4100
0 TR SR B S o

0 100 200 300 400 500 600 700 800 900 1000 10O 1200 390 1400 {500
HEATING TIME, HOURS



U.S. Patent Dec. 4, 1984 Sheet 4 of 4 4,485,869

100

80

i
% KEROGEN CONVERTED TO SHALE OIL

~_ _

&0

20

e

i
! L 1 l
(] (=) Q Q
<

701 -
60

S B = R ©
‘NIW “IWIL IINIOISTY IOVYHIAV
l (@]
N e E— g
; i | -
. | | 3
} w
: o z
O I
[72)
- o]
[l
[ T <Y
O w
-
[+ 4
-1 w
>
Z
Q O
] Z
w
U
(o]
O o
N w
X
1 =

fsd “J¥NSSIYd ITOVHIAY



4,485,869

1

RECOVERY OF LIQUID HYDROCARBONS FROM
OIL SHALE BY ELECTROMAGNETIC HEATING
IN SITU

BACKGROUND OF THE INVENTION

This invention relates generally to the recovery of
marketable products such as oil and gas from substan-
tially fluid impermeable oil shale deposits of kerogen in
an inorganic matrix by the application of electromag-
netic energy to heat the deposiis. More specifically, the
invention relates to a method for recovering shale oil
from such formations by controlled electromagnetic
heating to pyrolyze the kerogen to gas and shale oil at
pressures sufficient to drive out the oil, while control-
ling the electromagnetic power to limit the temperature
rise to keep down wasteful coking and cracking. The
invention relates to such method including use of a high
power radio frequency signal generator and an arrange-
ment of elongated electrodes inserted in the earth for-
mations for applying electromagnetic energy to provide
controlled heating of the formations.

Vast amounts of hydrocarbons are contained in de-
posits from which they cannot be produced by conven-
tional oil production techniques because the hydrocar-
bon deposits are not fluid and/or the formations are
substantially fluid impermeable. Such deposits include
oil shales.

It is well known to mine oil shale, heating the mined
oil shale on the surface of the earth to an appropriate
temperature, and recovering the products thereupon
released from the matrix by pyrolysis or distillation.
The volume of material to be handled, as compared to
the amount of recovered product, is relatively large.
Material handling of oil shale is particularly difficult
even under the best of conditions, and the problems of
waste disposal are substantial. )

A number of proposals have been made for in situ
methods of processing and recovering valuable prod-
ucts from hydrocarbonaceous deposits. Such methods
may involve underground heating or retorting of mate-
rial in place, with little or no mining or disposal of solid
material in the formation. Valuable constituents of the
formation, including products of pyrolysis, may be
drawn to the surface by a pumping system or forced to
the surface by injecting another substance into the for-
mation. It is important to the success of such methods
that the amount of energy required to effect the extrac-
tion be minimized.

It has been known to heat relatively large volumes of
hydrocarbonaceous formations in situ using radio fre-
quency energy. This is disclosed in Bridges and Taflove
U.S. Pat. No. Re. 30,738. That patent discloses a system
and method for in situ heat processing of hydrocarbona-
ceous earth formations wherein a plurality of conduc-
tive means are inserted in the formations and bound a
particular volume of the formations. As used therein,
the term “bounding a particular volume” was intended
to mean that the volume was enclosed on at least two
sides thereof. In the most practical implementations, the
enclosed sides were enclosed in an electrical sense, and
the conductors forming a particular side could be an
array of spaced conductors. Electrical excitation means
were provided for establishing alternating electric fields
in the volume. The frequency of the excitation means
was selected as a function of the dimensions of the
bounded volume so as to establish a substantially non-
radiating electric field which was substantially confined
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in such volume. In this manner, volumetric dielectric
heating of the formations occurred to effect approxi-
mately uniform heating of the volume.

In the preferred embodiment of the system described
in that patent, the frequency of the excitation was in the
radio frequency range and had a frequency between
about 100 KHz and 100 MHz. In that embodiment, the
conductive means comprised conductors disposed in
respective opposing spaced rows of boreholes in the
formations. One structure employed three spaced rows
of conductors which formed a triplate type of wave-
guide structure. The stated excitation was applied as a
voltage, for example, between different groups of the
conductive means or as a dipole source, or as a current
which excited at least one current loop in the volume.
Particularly as the energy was coupled to the forma-
tions from electric fields created between respective
conductors, such conductors were, and are, often re-
ferred to as electrodes. The reissue patent disclosed
application of the triplate heating method to oil shales at
columns 15 and 16, mentioning pyrolysis in the range of
400° C. to 500° C.

Dauphine U.S. Pat. No. 4,193,451 suggested a tem-
perature range on the order of 200° C. to 360° C. for the
thermal decomposition of kerogen to produce shale oil
and gases using RF energy. Dauphine recognized that
shale was generally impervious without suitable frac-
tures and suggested fracturing methods to enhance flow
of the shale oil and gases toward one of the wells. More
specifically, Dauphine suggested fracturing the shale by
the application of RF heating and then maintaining
pressure to keep the resulting fissures open, as by exter-
nal fluid injection or the vaporization of water and/or
hydrocarbons and/or the decomposition of temperature
sensitive carbonate minerals.

SUMMARY OF THE INVENTION

Materials such as oil shales are amenable to heat pro-
cessing to produce gases and hydrocarbonaceous lig-
uids. Generally, the heat develops the permeability
and/or mobility necessary for recovery. Qil shale is a
mixture of kerogen in a shale matrix. Using various
types of heat processing, the kerogen can be decom-
posed and recovered.

The present invention is an improvement upon the
method described in U.S. Pat. No. Re. 30,738 and may
utilize the same sort of waveguide structure, preferably
in the form of the same triplate transmission line. The
teachings of that reissue patent are hereby incorporated
herein by reference.

In the performance of the method of the reissue pa-
tent in oil shales, it was observed that under conditions
of rapid heating to high temperatures gas was produced
along with shale oil at high pressures. Although the gas
inherently drove some liquid from the formations, no
particular effort was made to control the production of
the gas. In general, it was contemplated that the system
of the reissue patent be used to heat the oil shale to
temperatures around 500° C., as mentioned in column
16. It was there stated that interconnecting voids would
form during pyrolysis in the 400° C. to 500° C. range,
providing permeability. A specific temperature for py-
rolysis at 425° C. was stated in column 17. It was con-
templated that the formations be heated as fast as practi-
cal to these elevated temperatures as long times gave
more time for thermal conduction loss, which is consid-
erable at such high temperatures.
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Although high temperatures result in a more rapid
conversion of kerogen to shale oil, according to the
present invention greater recovery may be effected by
more moderate heating, limiting coking and cracking. It
has now been discovered that rapid heating to high
temperatures decomposes kerogen faster than the prod-
ucts can be recovered and subjects the products of
decomposition to high temperatures and pressures for
long times whereby cracking and coking take place.
The cracking produces less valuable hydrocarbons and
coking leaves solid carbon in the formation. Therefore,
in accordance with the present invention, permeability
development and pyrolysis reactions are caused to pro-
ceed together so as not to build up excessive pressures
and temperatures. Rather, the kerogen is pyrolyzed
relatively gently at lower temperatures at rates at which
the shale oil can be effectively recovered as the permea-
bility is developed.

The present invention is also an improvement upon
the method described in Dauphine U.S. Pat. No.
4,193,451, As stated above, Dauphine provides fractur-
ing to produce fissures through which the products of
the pyrolysis of kerogen can be recovered and provides
means for assuring that the fissures remain open. Frac-
turing has two grievous defects that are overcome by
the present invention. In the first place, fracturing by
high pressure gradients and thermal stresses requires
relatively rapid heating. This creates products of pyrol-
ysis faster than they can be recovered, resulting in unde-
sired coking with a consequent decrease-in permeability
and loss of product. Secondly, the fissures provide paths
through which any vapors produced can escape with-
out driving the shale oil before it, leaving the shale oil
behind because of its lower mobility.

Another process for recovering shale oil from oil
shale is disclosed in Elkins U.S. Pat. No. 4,265,307. The
Elkins process utilizes the triplate array of the reissue
patent and rubblizes the oil shale before application of
the RF energy. This further shows the efforts of the
prior art in fracturing the shale to provide fissures for
recovery of the shale oil. This process suffers the short-
comings of Dauphine to an even greater degree.

Mallon, “Economics of shale oil production by radio
frequency heating,” Lawrence Livermore Laboratory
Report UCRL-52942 (1980), suggested producing the
shale oil from a monolithic (unfractured) block by the
development of interconnecting void spaces such as
described in the U.S. Pat. No. Re 30,738. However,
Mallon suggested a very fast heating rate of about 7.5°
C./hr as opposed to the much slower heating rates
considered in this application, approximately 0.2°
C./hr. »

Thus, in accordance with the present invention, the
formations are heated substantially uniformly with elec-
tromagnetic power to temperatures of 250° C. to 275°
C. At these temperatures, water present will have
boiled off and kerogen starts to decompose. Fluid per-
meability begins to develop, and the gas pressures de-
veloped by the decomposition of the kerogen drives off
the liquid shale oil produced. The viscosity of the shale
. oil is relatively low at such temperatures. Only a few psi
of gas pressure is needed to overcome the capillary
pressure of the shale oil in the shale matrix. By heating
the oil shale relatively slowly, e.g., at a rate of tempera-
ture increase of less than 0.2° C. per hour, the forma-
tions are kept cool enough that there is relatively little
cracking and coking. Yet permeability of the formation
and decomposition of the kerogen increase at a con-
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4

trolled pace so that the products of pyrolysis may be
produced promptly without the buildup of high gas
pressures. That is, the pyrolysis to form the reaction
products is preferably carried out at such controlled
rate that no more gas is produced than is necessary to
force out shale oil in liquid form at a reasonable rate for
the permeability then developed. As the permeability
increases with the removal of some of the kerogen, the
temperature is increased to produce gas faster and
hence produce the shale oil faster. Even so, the forma-
tion is kept as cool as practical while producing appro-
priate permeability and kerogen decomposition.

A primary aspect of the invention is thus to provide
an electromagnetic heating method for producing shale
oil from oil shale formations that are substantially fluid
impermeable in their native state, utilizing controlled
pyrolysis of the kerogen to produce permeability and
autogenous gas drive. These and other aspects, objec-
tives and advantages of the present invention will be-
come apparent from the following detailed description,
particularly when taken in conjunction with the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a plan view of a triplate waveguide struc-
ture disposed in earth formations in accordance with an
embodiment of the present invention;

FIG. 2 is a vertical sectional view, partly diagram-
matic, of the structure illustrated in FIG. 1, taken along
line 2—2 in FIG. 1;

FIG. 3 is a vertical sectional view, partly diagram-
matic, of the structure illustrated in FIG. 1, taken along
line 3—3 in FIG. 1;

FIG. 4, is 4 vertical sectional view, partly diagram-
matic, of another triplate waveguide structure for use in
performing the present invention, wherein electromag-
netic energy is applied at both ends of the waveguide
structure, the view corresponding to the section taken
in FIG. 2;

FIG. 5 is a graph showing the reaction constant k as
a function of temperature for the pyrolysis of a typical
Colorado oil shale from Anvil Points Mine;

FIG. 6 is a graph showing the times required for
producing shale oil from core samples of a typical Colo-
rado oil shale from Anvil Points Mine at various tem-
peratures;

FIG. 7 is a graph showing the temperature, volume of
oil and water produced and permeability as a function
of time in a test on a typical Colorado oil shale from
Anvil Points Mine;

FIG. 8 is a graph showing calculated values of the
pressures generated by gases produced during the de-
composition of kerogen as a function of total kerogen
converted in a typical Colorado oil shale; and

FIG. 9 is a graph of the calculated average residence
time of the produced shale oil inside the shale matrix
prior to its collection as a function of the percentage of
the total kerogen converted in a typical Colorado oil
shale.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention will be described primarily in
respect to its application using a triplate waveguide
structure as disclosed in Bridges and Taflove U.S. Pat.
No. Re. 30,738. In FIGS. 1, 2 and 3 herein is illustrated
a simplified construction of one form of a triplate wave-
guide structure 6 similar to the structure as shown in
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FIGS. 4a, 4b and 4c of the reissue patent utilizing rows
of discrete electrodes to form the triplate structure. The
most significant difference between the system illus-
trated in FIGS. 1, 2 and 3 herein and that illustrated in
the reissue patent is in the termination of the waveguide
structure at its lower end. It is, however, within the
present invention to utilize either the systems illustrated
herein or those of the reissue patent. Other types of
waveguide structures could be used where at least two
sides of the heated deposit are confined by electrodes.

FIG. 1 is a plan view of a surface of a hydrocarbona-
ceous deposit 8 having three rows 1, 2, 3 of boreholes 10
with elongated tubular electrodes 12, 14, 16 placed in
the boreholes of respective rows to form the triplate
waveguide 6. For the method of the present invention,
the deposit 8 is an oil shale formation containing kero-
gen in an inorganic matrix, as occurs in the Western
United States. Such formations in their native state are
substantially impermeable to fluids.

The individual elongated tubular electrodes 12, 14, 16
are placed in respective boreholes 10 that are drilled in
relatively closely spaced relationship in three straight
and parallel rows 1, 2, 3, the central row 2 being flanked
by rows 1 and 3. Electrodes 12 are in row 1, electrodes
14 in row 2, and electrodes 16 in row 3. The rows are
spaced far apart relative to the spacing of adjacent elec-
trodes of a row. FIG. 2 shows one electrode of each
row. FIG. 3 illustrates the electrodes 14 of the central
row, row 2.

In the embodiment shown, the boreholes 10 are
drilled to a depth L into the formations, where L is the
approximate thickness of the hydrocarbonaceous de-
posit 8. After insertion of the electrodes 12, 14, 16 into
the respective boreholes 10, the electrodes 14 of row 2
are electrically connected together and coupled to one
terminal of a matching network 18. The electrodes 12,
16 of the flanking outer rows are also connected to-
gether and coupled to the other terminal of the match-
ing network 18. Power is applied to the waveguide
structure 6 formed by the electrodes 12, 14, 16, prefera-
bly at radio frequency. Power is applied to the structure
from a power supply 20 through the matching network
18, which acts to match the power source 20 to the
waveguide 6 for efficient coupling of power into the
waveguide. The lower ends of the electrodes are simi-
larly connected to a termination network 22 which
provides appropriate termination of the waveguide
structure 6 as required in various operations utilizing
the present invention. As the termination network 22 is
below ground level and cannot readily be implanted or
connected from the surface, lower drifts 24 are mined
out of the barren rock 26 below the deposit 8 to permit
access to the lower ends of the electrodes 12, 14, 16,
whereby the termination network 22 can be installed
and connected.

The zone 28 heated by applied energy is approxi-
mately that bounded by the electrodes 12, 16. The elec-
trodes 12, 14, 16 of the waveguide structure 6 provide
an effective confining waveguide structure for the alter-
nating electric fields established by the electromagnetic
excitation. The outer electrodes 12, 16 are commonly
referred to as the ground or guard electrodes, the center
electrodes 14 being commonly referred to as the excitor
electrodes. Heating below L is minimized by appropri-
ate termination of the waveguide structure at the lower
end.

The use of an array of elongated cylindrical elec-
trodes 12, 14, 16 to form a field confining waveguide
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structure 6 is advantageous in that installation of these
units in boreholes 10 is more economical than, for exam-
ple, installation of continuous plane sheets on the
boundaries of the volume to be heated in situ. To
achieve field confinement, the spacing between adja-
cent electrodes of a respective row should be less than
about a quarter wavelength and preferably less than
about an eighth of a wavelength.

Very large volumes of hydrocarbonaceous deposits
can be heat processed using the described technique, for
example, volumes of the order of 105 to 106 m3 of oil
shale. Large blocks can, if desired, be processed in se-
quence by extending the lengths of the rows of bore-
holes 10 and electrodes 12, 14, 16. Alternative field
confining structures and modes of excitation are possi-
ble. Further field confinement can be provided by add-
ing conductors in boreholes at the ends of the rows to
form a shielding structure.

In FIGS. 1 to 3 it was assumed, for ease of illustra-
tion, that the hydrocarbonaceous earth formations
formed a seam at or near the surface of the earth, or that
any overburden had been removed. However, it will be
understood that the invention is equally applicable to
situations where the resource bed is less accessible and,
for example, underground mining is required both
above and below the deposit 8. In FIG. 4 there is shown
a condition wherein a moderately deep hydrocarbona-
ceous bed 8, such as an oil shale layer of substantial
thickness, is located beneath an overburden 30 of barren
rock. In such instance, upper drifts 32 can be mined, and
boreholes 10 can be drilled from these drifts. Again,
each of these boreholes 10 represents one of a row of
boreholes 10 for a triplate type configuration as is
shown in FIG. 3. After the boreholes 10 have been
drilled, respective tubular electrodes 12, 14 and 16 are
lowered into the boreholes 10 in the resource bed 8.
Coaxial lines 34 carry the energy from the power sup-
ply 20 at the surface 36 through a borehole 38 or an adit
to the matching network 18 in a drift 32 for coupling to
the respective electrodes 12, 14, 16. In this manner,
there is no substantial heating of the barren rock of the
overburden 30.

FIG. 4 illustrates an alternative embodiment of the
present invention in that provision is made for applying
power to the lower end of the triplate line 6 as well as
to the upper end. To this end a second power supply 40
is provided at the lower end of the triplate line 6 and is
coupled to a matching network 18 by a coaxial cable 42.
The second power supply may be located in a drift 24 or
in an adjacent drift 44, or it may be located at some
distance, even at the surface. Indeed, the same power
supply may be used for both ends of the line. In the
embodiment shown in FIG. 4, a termination network 22
and a matching network 18 are supplied at each end of
the waveguide structure 6. The termination/matching
networks 18/22 may be of conventional construction
for coupling the respective power supplies 20, 40 to the
waveguide 6 and, upon switching, for terminating the
waveguide with an appropriate impedance. With power
applied from the upper power supply 20, the network
18 provides appropriate matching to the line, and the
network 22 provides appropriate termination impe-
dance. With power applied from the lower power sup-
ply 40, it is the other way around. The appropriate
termination impedances will be whatever produces an
appropriate phase of a standing wave or other desired
property. Terminations for particular standing waves as
produce certain desired heating patterns are set forth in
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the copending U.S. patent application of Bridges and
Taflove, Ser. No. 343,903, filed Jan. 29, 1982, now U.S.
Pat. No. 4,449,585, issued May 22, 1984, and assigned to
the assignee hereof. The teachings of that application
are hereby incorporated herein by reference.

The present invention will be described primarily in
respect to its application using a triplate waveguide
structure as disclosed in Bridges and Taflove U.S. Pat.
No. Re. 30,738, although a biplate waveguide could be
used under certain circumstances. In FIGS. 1 to 4
herein are illustrated simplified forms of a triplate wave-
guide structure for the heating of large volumes of oil
shale in situ using vertically emplaced tubular elec-
trodes. This type of structure is generally suitable for
heating oil shale deposits that are over 50 ft. in vertical
thickness. Another simplified form of triplate wave-
guide structure that can be utilized to heat the deposit if
the thickness is less than about 50 ft. is the horizontal
structure shown in FIG. 7 of the reissue patent. How-
ever, it is within the present invention to utilize either
the systems specifically illustrated herein or those of the
reissue patent.

A block of oil shale is confined by the two rows of
guard electrodes 1 and 3 as illustrated in FIG. 1 and can
be heated approximately uniformly to the desired tem-
perature by application of electromagnetic energy as
described above. Slow heating of the oil shale deposit to
a temperature of over 100° C. will result in evaporation
of the free water held within the shale matrix. However,
a majority of the water held in United States oil shales
is chemically combined with the inorganic shale matrix.
This bound water can be vaporized to produce water
vapor by slowly heating the shale to a temperature
around 200° C., and the resulting water vapor can then
be recovered. Water content in United States oil shales
is typically in the range of 0.5 to 2% by weight. Vapori-
zation of this water into water vapor induces some
porosity and permeability, and results in recovery of the
produced water vapor.

Further electromagnetic heating of oil shale approxi-
mately uniformly to temperatures in excess of 250° C.
results in decomposition of kerogen to produce shale oil
and gas. Once the permeability is sufficiently devel-
oped, the shale oil is driven from the formations into the
respective boreholes 10 by the autogenous gas drive
provided by decomposition of the kerogen. Upon
reaching the boreholes 10, the shale oil drains by grav-
ity into the lower drifts 24 and/or the drift 44 or suitable
sumps, whence it can be pumped to the surface by
pumps 46 for refining in a conventional manner into
suitable products. The electrodes 12, 14, 16 may also be
used to recover the oil. The gas produced may also be
recovered through the electrodes 12, 14, 16 by means of
a conventional gas collecting system 48 at the surface.
The hydrocarbonaceous oil and gases are generally
required to travel several feet through the hot shale
before they are recovered through the electrodes. The
pressure required to maintain the flow of the produced
hydrocarbonaceous oil and gases through the shale and
the time required for the said oil and gases to reach the
electrodes depend on the permeability of the shale
under current conditions and the rate of generation of
the shale oil and gases. It is important to optimize the
process so that the time required for the shale oil and
gases to reach the electrodes is minimized. Extremely
long times even at low temperatures result in the loss of
valuable product by coking and/or cracking.
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The time required to recover a substantial portion of
the shale oil depends on the distance separating the
tubular electrodes, since they can be perforated and
used as recovery wells. The distance from the row 2 of
excitor electrodes 14 to the flanking rows 1, 3 of guard
electrodes 12, 16 should be between about 10 and 100
feet. If the spacing is too short, the gas is too rapidly
produced and dissipated, and if the spacing is too great,
it is difficult to realize uniform heating.

Thermal decomposition of kerogen to produce shale
oil and gases is the result of a complicated set of chemi-
cal reactions that are difficult to isolate. However, the
overall reaction can be quantified by considering a
highly simplified reaction:

kerogen-—sshale oil + gases )

The reaction rate constant k for this reaction can be
calculated using laboratory data on rate of production
of oil from heated oil shale core samples, assuming a
first order rate equation:
Vo @

7 = kt

In 7

where V, is the total volume of shale oil produced after
the heating of a shale sample, V is the total volume of
shale oil produced at any given time, k is a first order
rate constant, and t is the elapsed time. The reaction rate
constant is related to the temperature according to the
equation:

k=Aexp (—~AE/RT) 3
where A is a frequency factor, AE is activation energy,
R is the gas constant, and T is temperature in degrees
Kelvin. The values of the reaction rate constant k are
shown in FIG. 5 as a function of temperature for oil
shale core samples from Colo. In the above equations, it
is assumed that the shale oil is recovered as fast as it is
produced by decomposition of kerogen. However, de-
composition is faster than the rate at which shale oil can
be recovered at temperatures of over 350° C., and this
results in scatter of the experimental data as shown in
FIG. 5. Times required to produce the shale oil by
maintaining the core samples at different temperatures
are shown in FIG. 6.

For commercial configurations of triplate waveguide
structures 6 as illustrated in U.S. Pat. No. Re. 30,378,
produced shale oil and gases are required to flow
through several feet to several tens of feet of monolithic
shale matrix before reaching one of the tubular elec-
trodes 12, 14, 16 from which they can be recovered. As
stated above, a temperature range for pyrolysis in the
range of 400° C. to 500° C. was suggested in the reissue
patent for the thermal decomposition of kerogen to
produce shale oil and gases. High heating rates were
contemplated to minimize heat losses by thermal con-
duction, which are significant in this temperature range.
Laboratory experiments by the present applicants under
similar conditions have now shown that extremely high
pressures are produced when oil shale core samples
from Colo. are heated to over 400° C. under simulated
in situ conditions because the permeability developed
failed to keep pace with decomposition of kerogen to
produce shale oil and gas.

As stated above, Dauphine U.S. Pat. No. 4,193,451,
suggested a temperature range in the order of 200° to
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360° C. for the thermal decomposition of kerogen to
produce shale oil and gases using RF energy. However,
Dauphine, too, did not recognize the need for the slow
development of the required permeability to permit
flow of the shale oil and gases. Rather, Dauphine pro-
vided fracturing by heating to open fissures to enhance
the flow of the shale oil and gases toward the wells.
This is actually counterproductive, however, as the
vapors produced by vaporization of volatile compo-
nents within the deposit will preferentially flow into the
fissures by channeling and will leave the shale oil be-
hind because of adverse mobility ratios. Mobility ratio is
the ratio of the viscosity of the driving fluid (the gener-
ated vapors) to the viscosity of shale oil liquids pro-
duced during the thermal decomposition of kerogen.

In neither the Bridges and Taflove U.S. Pat. No. Re.
30,738 nor the Dauphine U.S. Pat. No. 4,193,451 was
any suggestion made for controlling the rate of thermal
decomposition of kerogen so that the rate of generation
of the products, shale oil and gases, was related to the
rate at which they can flow through the shale matrix
without causing excessive pressures at current permea-
bility levels. The present invention is, therefore, an
improvement on the above methods of both, providing
a method for controlling and limiting the rate of decom-
position of kerogen so that the product shale oil and
gases can flow through the matrix. More specifically,
the method of the present invention induces permeabil-
ity within the shale matrix without any substantial frac-
turing to form fissures, and utilizes the pressure caused
by gases produced along with shale oil liquids to drive
the shale oil through the matrix into one of the bore-
holes. In addition, permeability development and rate of
shale oil production are controlled so that there is sub-
stantial recovery of the shale oil with minimal coking
and cracking losses. .

Permeability of oil shales in their native state is very
low, a few millidarcies or less. Most oil shales have
virtually zero porosity in their native state. Porosity
develops as shale is heated to temperatures of over 200°
C. from the release of bound water from some of the
minerals of the shale matrix and from the thermal de-
composition of kerogen to produce shale oil and gases.
Recovery of the produced shale oil and gases results in
the development of induced permeability. It is neces-
sary to recover the shale oil and gases substantially as
rapidly as they are produced to generate the permeabil-
ity gently without substantial gross fracturing. Exces-
sively long residence times of the produced shale oil
within the hot shale matrix prior to its collection
through a producer well or a tubular electrode results in
degradation of the oil by coking. This results in the
deposition of char inside the pore spaces and effectively
blocks off the pore spaces that would otherwise be
available to the flow of shale oil and gases. Continued
decomposition of kerogen under these conditions re-
sults in excessive pressure build-up and the loss of valu-
able oil by coking.

Such results have been demonstrated in controlled
laboratory experiments wherein core samples of oil
shale from Colo. were heated to pyrolysis temperatures
under controlled, simulated in situ conditions. In experi-
ments conducted under fully constrained conditions,
the shale sample was observed to shatter at tempera-
tures of about 275° C. to 300° C. due to excessive pres-
sure build-up and high heating rates. Recovery of shale
oil from some of the experiments was only 20 to 30% of
the total. It was not until the present invention that
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10
these difficulties were fully appreciated and methods to
overcome them were provided. '

The above described difficulties in producing the
shale oil due to insufficient permeability development
can be overcome by controlling the rate of production
of shale oil and gases in the temperature range of 275°
C. to 325° C,, so that they can readily flow through the
shale matrix without significant coking losses. This can
be achieved by controlling and/or limiting the electro-
magnetic energy input levels so that the rate of heating
of shale is within permissible limits. This has been estab-
lished by laboratory experiments conducted under fully
constrained conditions wherein permeabilities of the
order of a few darcies have been induced and more than
90% of the total shale oil was recovered.

FIG. 7 shows the results from one of such experi-
ments. The data shown in FIG. 7 were obtained in a test
made on an oil shale core sample from Anvil Points
Mine of grade 27.7 gallons per ton. Permeability was
measured parallel to bedding planes. The heating rate
during pyrolysis was 0.2° C./hr. The core was sealed on
the sides to the sealed reactor vessel using concrete.
Temperature of the shale sample, volume of oil and
water produced, and permeability as measured are
shown as a function of time. It can be observed that
generation of permeability starts with recovery of shale
oil, and was observed to increase to 4600 millidarcies
under these conditions. Heating of similar cores under
similar conditions at heating rates of 1° C./hr or higher
resulted in excessive pressure build-up and the shatter-
ing of the core samples into small pieces in the tempera-
ture range of about 275° C. to 300° C. More specifically,
control of the heating rate to less than 0.5° C./hr., pref-
erably to about 0.2° C./hr., was observed to control the
rate of production of shale oil and gases in the tempera-
ture range of 250° C. to 300° C. so that the permeability
developed in this temperature range would be sufficient
to permit flow of shale oil and gases even at the higher
temperatures without excessive pressure. A heating rate
of the order of 0.2° C./hr. is thus used in performing the
method of the present invention.

In performing the method of the present invention, it
will not be necessary or desirable to fracture the shale
matrix to form fissures or to vaporize water and/or part
of the hydrocarbons to prevent collapse of the fissures
as described in the Dauphine U.S. Pat. No. 4,193,451.
Vaporization of part of the hydrocarbons to maintain
the fissures is not often likely to be very effective and
can result in degradation of shale oil by coking and/or
cracking. The present invention thus avoids the difficul-
ties attendant upon fracturing the shale to form fissures
and the likelihood of their subsequent sealing off due to
swelling and plastic flow of oil shale at temperatures
over 250° C. This is especially important with the west-
ern Green River oil shales of the United States which
are known to swell at temperatures over 250° C.

During thermal decomposition of large monolithic
blocks of shale containing kerogen using electromag-
netic energy with electrical structures 6 as described in
the Bridges and Taflove United States Reissue Patent,
sufficient pressures can be generated autogenously by
the gases produced along with the shale oil. The pres-
sure generated within the shale matrix depends on the
rate of generation of gases and shale oil, the permeabil-
ity of the shale to the flow of gases under current condi-
tions, and the distance between the electrodes 12, 14 and
16 that form the three rows of electrodes 1, 2 and 3. The
pressure P, at a point midway between two tubular
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electrodes 12, 14 and 16 can be calculated using the
following equation:

guin =~ @

27Ks

Pe = + Py

where q is the rate of generation of gases during thermal
decomposition of kerogen, u is the average viscosity of
the gases, s in the distance between two tubular elec-
trodes 12, 14 and 16, 1 is the radius of the boreholes 10,
K is the permeability of the shale matrix to the flow of
gases under current conditions, and Py is the pressure at
the boreholes. Pressure within the shale matrix de-
creases with recovery of a substantial fraction of the
total shale oil due to the simultaneous increase in the
permeability of the shale to the flow of gases.
Calculated values of pressure within the shale as a
function of the percentage of total kerogen converted to
shale oil are shown in FIG. 8. These pressure values
were calculated for a triplate structure with adjacent

electrodes 12, 14, 16 spaced at 4 meters and rows 1, 2, 3.

spaced at 10 meters from each other and heated at a rate
of about 0.1 C./hr during decomposition under the
conditions whereby shale developed a fluid permeabil-
ity of about one darcy at the end of pyrolysis. Faster
heating rates increase the pressure, during the initial
stages of decomposition in particular, whereas slower
heating rates reduce the pressure variations from begin-
ning to end of decomposition and make the curve flat-
ten. Both the fluid permeability of the oil shale and the
capillary pressure of the shale oil in the shale matrix
depend on the size distribution and the interconnections
of pore spaces induced within the hot shale upon escape
of the products of pyrolysis. The measured high perme-
ability values indicate that the capillary pressure of
shale oil within the pore spaces is about 5 to 10 psi. The
pressure generated by gases produced during the de-
composition of kerogen is sufficient even after conver-
sion of 95% of the total kerogen to shale oil to over-
come these capillary forces that are responsible for the
holdup of shale oil inside the shale matrix and to pro-
vide a drive for recovery of the shale oil through one of
the boreholes 10. At the same time, the residence times
for recovery of the produced oil and gases are low
enough to minimize the loss of oil by coking and/or
cracking.

Residence time of the produced shale oil inside the
shale matrix prior to its collection through one of the
boreholes 10, as calculated for the conditions described
above in connection with FIG. 8, are shown in FIG. 9
as a function of the percentage of the total kerogen
converted to shale oil. The loss of oil under these condi-
tions by coking was calculated to be about 7%, and
93% of the total shale oil can be recovered at a final
pyrolysis temperature of about 360° C. Under these
conditions whereby the shale is made permeable, it will
not be necessary to vaporize the hydrocarbons specifi-
cally to fracture the shale to improve permeability or to
keep the fractures open, and the thermal decomposition
can be substantially completed below a temperature of
400° C., preferably below 360° C.

Where thermal decomposition is not complete at
lower temperatures, the oil shale formation may be
further heated to a temperature of over 400° C. to crack
the residual hydrocarbon material. This will result in
recovery of additional hydrocarbons, mostly in the
form of gas.
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A further aspect of the present invention is to heat the
deposit under confining gas pressure after recovery of a
substantial fraction of the total shale oil. As the kerogen
is decomposed, the permeability rises, and it is difficult
to maintain high autogenous gas pressures as the gas
leaks out through the highly permeable shale. At the
same time, capillary pressures rise as most of the oil is
driven out. The pressure generated by gases formed
during decomposition of kerogen as shown in FIG. 8
may then not be adequate to overcome the current
capillary forces responsible for holdup of liquid shale oil
inside the pore volume after a substantial portion of the
total shale oil is recovered. Heating of the formation
under confined gas pressure under these conditions and
the subsequent release of pressure will result in recov-
ery of a larger fraction of the residual shale oil toward
the end of the pyrolysis process by sudden puffs of gas
at high pressure differentials that overcome the high
capillary pressures. Heating of the formation under
pressure and subsequent release of pressure can be prac-
ticed in a cyclic manner until substantially all of the
hydrocarbonaceous liquids are recovered.

Objectives of this invention are to select a heating
rate which will not fracture the deposit, yet will be
sufficient to recover the shale oil and gases produced
during the decomposition of kerogen, largely in a liquid
form, by autogenously produced hydrocarbonaceous
gases. Another objective is to develop induced permea-
bility by the decomposition of kerogen to form inter-
connecting voids to allow the oil and gases to be driven
under autogenous gas pressure into one of the producer
holes.

As the heating rates necessary to accomplish the
above are very low, on the order of 0.2° C./hr., heating
periods of about 3 to 8 months may be required to heat
the deposit from native temperature to about 350° C.
Where a group of blocks is heated at the same time,
significant cooling of the sides of the outside blocks of a
substantially uniformly heated deposit may occur due to
thermal conduction over such a long period of time. To
compensate for this, the outermost electrodes of the
outside blocks may be used to apply more power to the
respective blocks in the vicinity of these electrodes,
with the excess power used to compensate for thermal
outflow on respective sides of the heated deposit. If
needed, additional heat outflow mitigation can be real-
ized by injecting steam in boreholes immediately sur-
rounding the heated deposit. The source of steam can
come from heated spent shale.

Further, the deposit may be heated hotter at the dis-
crete electrodes to compensate for the outflow of heat
to adjacent unheated regions and hence achieve greater
uniformity of temperature within the deposit.

In the copending U.S. patent application of Taflove
and Bridges, Ser. No. 363,765, filed Mar. 31, 1982, it is
shown that the outermost excitor electrodes of the tri-
plate line experience enhanced field intensities resulting
in excessive heating. These excessive field intensities
and heat can create electrical breakdown problems. On
the other hand, although these can be mitigated by use
of a low loss dielectric in the immediate vicinity of these
electrodes, total elimination is not always necessary or
practical in the slow heating method of the present
invention, where thermal outflow can be offset by the
excess heating of the outermost excitor electrodes.

Although particular preferred embodiments of the
invention have been described with particularity, many
modifications may be made therein within the scope of
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the invention. For example, other electrode structures
may be used, and they may be disposed differently.

The invention is particularly useful for a system in
which a waveguide structure is formed by electrodes
disposed in earth formations, where the earth forma-
tions act as the dielectric for the waveguide, as in the
triplate system illustrated. Electromagnetic energy at a
selected radio frequency or at selected radio frequencies
is supplied to the waveguide for controlled dissipation
in the formations.

The terms “waveguide” and ‘“‘waveguide structure”
are used herein in the broad sense of a system of mate-
rial boundaries capable of guiding electromagnetic
waves. This includes the triplate transmission line
formed of discrete electrodes as preferred for use in the
present invention.

Unless otherwise required by the context, the term
“dielectric” is used herein in the general sense of a me-
dium capable of supporting an electric stress and recov-
ering at least a portion of the energy required to estab-
lish an electric field therein. The term thus includes the
dielectric earth media considered here as imperfect
dielectrics which can be characterized by both real and
imaginary components, €', €’. A wide range of such
media are included wherein € can be either larger or
smaller than €.

“Radio frequency” will similarly be used broadly
herein, uniless the context requires otherwise, to mean
any frequency used for radio communications. Typi-
cally this ranges upward from 10 KHz; however, fre-
quencies as low as 45 Hz have been considered for a
world-wide communications system for submarines.
The frequencies currently contemplated for oil shale
deposits range as low as 100 KHz.

Mention has been made of the need for heating the
formation uniformly. The object is to heat the entire
block to more or less the same temperature in order that
adequate autogenous gas drive may operate from deep
within the block. However, it is recognized that many
factors may produce variations in temperature even
though the driving voltages are applied relatively uni-
formly to the electrodes. For example, standing waves
along the electrodes may provide some variations in
applied power. The use of discrete electrodes provides
local heating differences. Inhomogeneities in the forma-
tion may occasion variations in dielectric or conductive
heating. Thermal conductivity differences may produce
differences in temperatures. Thermal conductivity will
also dissipate heat from the outer parts of the block to
adjacent rock. All of this is encompassed by the term
“substantially uniformly”, which is therefore used
herein to mean that some substantial effort is made to
distribute the heating so as to provide generally uniform
temperatures throughout the block as a whole, and at
least out in the central regions of the block, so that a
substantial portion of the block becomes adequately
heated for autogenous gas drive.

Heating during pyrolysis is preferably on the order of
0.2 C./hr. This does not require continuous control of
heating power. At a fixed amount of power applied, the
rate at which the temperature increases remains rela-
tively constant, requiring adjustment only from time to
time as the rate of temperature rise gets substantially off
the desired mark. ‘

What is claimed is:

1. A method for recovering liquid hydrocarbons from
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meable to fluids under native conditions, said method
comprising:
substantially uniformly heating a block of said oil
shale formation in situ with electromagnetic power
to a temperature of about 275° C. where there is
pyrolysis of a portion of said kerogen to gas and
shale oil at a pressure sufficient to overcome the
capillary pressure of said shale oil in said matrix,
thereby providing substantial fluid permeability to
said formation,
utilizing said pressurized gas to drive at least portions
of said gas and shale oil from said block,

recovering said gas thereupon escaping from said
block under said pressure and said shale oil driven
by said gas, thereby further increasing the fluid
permeability of said formation, and

controlling the magnitude of said electromagnetic

power to raise the temperature of said block rela-
tively slowly to increase the rate of pyrolysis of
said kerogen as the permeability of said formation
increases to produce gas at pressures above that
necessary to overcome said capillary pressure and
below that at which there is substantial escape of
said gas bypassing shale oil within the formation
rather than driving said oil before it.

2. A method according to claim 1 wherein said elec-
tromagnetic power is applied to a plurality of electrodes
bounding said block and defining a waveguide structure
having said block as a dielectric medium bounded
therein.

3. A method according to claim 1 wherein said elec-
tromagnetic power is applied to the electrodes of a
triplate array of electrodes bounding said block and
formed of a row of excitor electrodes flanked by respec-
tive rows of guard electrodes.

4. A method according to claim 3 wherein the outer-
most of said excitor electrodes of said row of excitor
electrodes are heated more than interior excitor elec-
trodes to offset thermal leakage to cooler surroundings.

5. A method according to claim 3 wherein said row of
excitor electrodes is spaced from said respective rows of
guard electrodes by 10 to 100 feet

6. A method according to any one of claims 1 to 5
wherein the magnitude of said electromagnetic power is
controlled to maintain the rate of temperature rise
above about 275° C. to on the order of 0.2° C. per hour.

7. A method according to claim 6 wherein the magni-
tude of said electromagnetic power is controlled to
maintain a substantially continuous temperature rise.

8. A method according to any one of claims 1 to 5
wherein the magnitude of said electromagnetic power is
controlled to maintain the rate of temperature rise
above about 275° C. to less than 1° C. per hour.

9. A method according to any one of claims 1 to 5
wherein the magnitude of said electromagnetic power is
controlled to maintain temperatures assuring substantial
recovery of said shale oil at temperatures and presures
where coking is relatively limited.

10. A method according to any one of claims 1 to §
wherein after some permeability is developed and a

- fraction of the shale oil has been recovered, the substan-

65

an oil shale formation containing kerogen in an inor- °

ganic matrix, said formation being substantially imper-

tially uniform heating is performed under confining
pressure to build up autogenous gas above current capil-
lary ‘pressure upon pyrolysis of the kerogen, and the
confining pressure is relieved from time to time to allow
the autogenous gas to drive shale oil from the forma-
tion.
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11. A method according to any one of claims 1 to 5
wherein after substantial permeability is developed and
a substantial fraction of the shale oil has been recovered,
the substantially uniform heating is performed under
confining pressure to build up autogenous gas above
current capillary pressure upon pyrolysis of the kero-
gen, and the confining pressure is relieved from time to
time to allow the autogenous gas to drive shale oil from
the formation.

12. A method according to any one of claims 1 to 5
wherein boundaries of a said block are locally heated
more than the interior of said block to offset thermal
leakage to cooler surroundings.
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13. A method according to any one of claims 1 to 5
wherein a group of adjacent said blocks grouped with
inner said blocks surrounded by outer said blocks are
heated at the same time, and the boundaries of the outer
said blocks are heated more than the inner said blocks to
offset thermal leakage to cooler surroundings.

14. A method according to any one of claims 1to §
wherein the magnitude of said electromagnetic power is
controlled to limit the current recovery ratio of gas to
shale oil between predetermined limits assuring substan-
tial recovery of said shale oil without excessive heating
of said block.

* * Ed * Ed
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