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HIGH POWER MICROWAVE PETROLEUM 
RECOVERY 

CROSS REFERENCES 

[0001] This application claims priority from co-pending 
US. Provisional Patent Application No. 60/018,818, ?led 
Jan. 3, 2008, entitled “HIGH POWER MICROWAVE 
PETROLEUM RECOVER ” (Attorney Docket No. 026882 
000300US), Which is hereby incorporated by reference, as if 
set forth in full in this document, for all purposes. This appli 
cation is also related to co-pending U.S. Non-Provisional 
patent application Ser. No. , ?led concurrently here 
With, entitled “HIGH POWER MICROWAVE PETRO 
LEUM REFINEMENT” (Attorney Docket No. 026882 
000320US), Which is hereby incorporated by reference, as if 
set forth in full in this document, for all purposes. 
[0002] The present invention relates to petroleum recovery 
in general and, inparticular, to recovery of petroleum from oil 
shale underground through in situ heating. 

BACKGROUND 

[0003] Oil shale may typically occur in sedimentary rocks 
containing solid bituminous material. Some rich deposits 
may be found underground in the Western United States, as 
kerogen mixed With minerals (e.g., halites, nahacolites, daW 
sonites, etc.). In some cases, geologically trapped Water, com 
bined With Water of crystallization in the minerals, may con 
stitute up to 3 percent by Weight of the deposits. 
[0004] The composition of the oil shale may be such that 
petroleum oil can be released on heating. The heating process 
may involve heating kero gen trapped Within the oil shale until 
it becomes hot enough to convert (e.g., pyrolyse, decompose, 
etc.) into shale oil, shale gas, solid residue, and/or other 
constituents. While the kerogen may be a relatively useless 
hydrocarbon, the conversion to shale oil Will create a hydro 
carbon that may be useful as a non-conventional fuel oil. In 
some cases, the conversion may begin at around 3000 C., but 
may become faster and more complete as the temperature 
increases (e.g., to 4500 C.). Further, some gasi?cation may 
occur as temperatures continue to rise (e.g., to 575° C.). 
[0005] There are at least tWo categories of heating pro 
cesses relating to Where the heating should occur: ex situ and 
in situ. With ex situ heating, or ground-surface retorting, oil 
shale may be mined at or beloW the surface and transported to 
a retorting facility. In situ heating processes, hoWever, may 
convert the kerogen through a bore hole While the oil shale is 
still in the ground, extracting crude oil straight from the oil 
shale deposit. Some in situ retorting processes, called modi 
?ed in situ processes (“MIS”), may involve creating a frac 
tured area above the mined area to aid in vapor/gas ?oW 
through the deposit. 
[0006] In situ heating processes may differ in a number of 
Ways. For example, such processes may heat the oil shale 
deposit using a variety of technologies, including conductive 
heating, steam, combustion, microWaves, radiofrequency, 
and others. Further, some processes may heat from the sur 
face, While others may loWer heating elements to depths 
Within the deposit. While many of these processes may be 
effective for extracting crude oil, they may not provide cost 
effective solutions (e.g., they use a lot of energy per amont 
extracted) and may be environmentally undesirable (e.g., by 
causing groundWater pollution or producing toxic by-prod 
ucts). 
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[0007] As such, it may be desirable to provide e?icient and 
effective in situ heating of oil shale deposits. 

SUMMARY 

[0008] Among other things, embodiments of the invention 
provide systems, devices, and methods for using high-poWer 
microWave radiation to recover oil from an oil shale deposit. 
One embodiment includes a microWave generation system, 
adapted to generate high-poWer microWave radiation. A 
radiation system may be coupled With the microWave genera 
tion system. The radiation system may include an antenna for 
transmitting the radiation into the oil shale deposit, the 
antenna being located in situ (i.e., Within the oil shale 
deposit). A sheath may be provided to protect the antenna 
from harmful exposure to the oil shale deposit and released 
constituents, While being substantially transparent to the 
microWave frequency. The high-poWer microWave radiation 
may heat the oil shale, causing oil to be released. The released 
oil may then be collected, re?ned, transported, or otherWise 
processed. 
[0009] One set of embodiments provides a method for 
recovering oil from an oil shale deposit using in situ, high 
poWer, microWave heating. The method includes generating 
microWave radiation substantially at a microWave frequency 
(e.g., approximately 2.45 to 2.5 GHZ); and transmitting at 
least a portion of the microWave radiation into the oil shale 
deposit from an active radiation source located substantially 
Within the oil shale deposit, such that at least a portion of the 
oil shale deposit heats to a temperature level at Which released 
constituents are released, the released constituents compris 
ing oil. 
[0010] Another set of embodiments provides a method for 
recovering oil from an oil reservoir site. The method includes 
providing an oil collection system; pumping a measured 
amount of Water into the oil reservoir site, Wherein the oil 
reservoir site is underground and comprises oil; generating 
microWave radiation substantially at a microWave frequency; 
and transmitting at least a portion of the microWave radiation 
into the oil reservoir site from a plurality of in situ radiation 
sources (e.g., in proximity to the oil reservoir site), such that 
at least a portion of the Water heats to a temperature level at 
Which su?icient steam is generated (e.g., at high pressure) to 
force the oil into the oil collection system. In certain embodi 
ments, at least a portion of the radiation sources includes a 
klystron and an antenna. In certain of these embodiments, the 
antenna is protected by an enclosure that is substantially 
transparent to the microWave radiation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] A further understanding of the nature and advan 
tages of the present invention may be realiZed by reference to 
the folloWing draWings. In the appended ?gures, similar com 
ponents or features may have the same reference label. Fur 
ther, various components of the same type may be distin 
guished by folloWing the reference label by a dash and a 
second label that distinguishes among the similar compo 
nents. If only the ?rst reference label is used in the speci?ca 
tion, the description is applicable to any one of the similar 
components having the same ?rst reference label irrespective 
of the second reference label. 
[0012] FIG. 1 shoWs a simpli?ed system block diagram of 
an oil recovery system, according to various embodiments of 
the invention. 
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[0013] FIG. 2 shows a simpli?ed illustration of an oil recov 
ery system, according to various embodiments of the inven 
tion. 
[0014] FIGS. 3A and 3B shoW illustrations of a front vieW 
and a side vieW of an antenna, respectively, according to 
various embodiments of the invention. 
[0015] FIG. 4 shoWs an illustration ofa top vieW of an oil 
shale deposit With multiple distributed antennae, according to 
various embodiments of the invention. 
[0016] FIG. 5A shoWs an illustration of a top vieW of an oil 
shale deposit With a single antenna and a single re?ector, 
according to various embodiments of the invention. 
[0017] FIG. 5B shoWs an illustration ofa top vieW ofan oil 
shale deposit With a single antenna, an outer re?ector, and an 
inner re?ector, according to various embodiments of the 
invention. 
[0018] FIG. 5C shoWs an illustration ofa top vieW ofan oil 
shale deposit With multiple antennae, an outer re?ector, and 
an inner re?ector, according to various embodiments of the 
invention. 
[0019] FIG. 6 provides a ?oW diagram of a method for oil 
recovery, according to various embodiments of the invention. 
[0020] FIG. 7 provides a ?oW diagram of a method for oil 
recovery from an existing reservoir site, according to various 
embodiments of the invention. 
[0021] FIG. 8 shoWs a simpli?ed illustration of an oil recov 
ery system, modi?ed for preprocessing of the recovered oil, 
according to various embodiments of the invention. 
[0022] FIG. 9 shoWs a simpli?ed illustration of a partial oil 
recovery system, modi?ed With a generator 920 for prepro 
cessing of the recovered oil, according to various embodi 
ments of the invention. 
[0023] FIG. 10 shoWs a simpli?ed illustration of a partial 
oil recovery system, modi?ed With a generator 920 and a 
perforated separator 1006 for preprocessing of the recovered 
oil, according to various embodiments of the invention. 
[0024] FIG. 11 provides a ?oW diagram of a method for 
processing oil emulsions to separate oil and non-oil constitu 
ents of the emulsion, according to various embodiments of 
the invention. 
[0025] FIG. 12 provides a ?oW diagram of a method for 
processing heavy oil into lighter oil, according to various 
embodiments of the invention. 

DETAILED DESCRIPTION 

[0026] This description provides example embodiments 
only, and is not intended to limit the scope, applicability, or 
con?guration of the invention. Rather, the ensuing descrip 
tion of the embodiments Will provide those skilled in the art 
With an enabling description for implementing embodiments 
of the invention. Various changes may be made in the function 
and arrangement of elements Without departing from the 
spirit and scope of the invention. 
[0027] Thus, various embodiments may omit, substitute, or 
add various procedures or components, as appropriate. For 
instance, it should be appreciated that in alternative embodi 
ments, the methods may be performed in an order different 
from that described, and that various steps may be added, 
omitted, or combined. Also, features described With respect to 
certain embodiments may be combined in various other 
embodiments. Different aspects and elements of the embodi 
ments may be combined in a similar manner. 

[0028] It should also be appreciated that the folloWing sys 
tems, methods, and apparatuses may individually or collec 

Jul. 9, 2009 

tively be components of a larger system, Wherein other pro 
cedures may take precedence over or otherWise modify their 
application. Also, a number of steps may be required before, 
after, or concurrently With the folloWing embodiments. 
[0029] Embodiments of Oil Recovery Systems and Meth 
ods 
[0030] Among other things, embodiments of the invention 
provide systems, devices, and methods for using high-poWer 
microWave radiation to heat oil shale deposits. Some embodi 
ments use high-poWer klystrons to generate either continuous 
or pulsed microWave radiation. The microWaves may be 
applied to the oil shale deposits in situ, substantially at the 
depth of the oil shale deposit. In some geographic locations, 
oil shale deposits may be seen at relatively shalloW depths 
(e.g., tens or hundreds of feet beloW the ground surface), 
While in other geographic locations, oil shale deposits may be 
signi?cantly deeper (e.g., around 1000 feet beloW the ground 
surface). 
[0031] Heating the oil shale may cause oil to be released 
(e.g., from kerogen). The oil released from the oil shale 
deposit may then be forced out to the ground surface by 
pressure from superheated steam generated from the heating 
of the oil shale and mineral deposits. For example, the heating 
of the oil shale deposit may generate approximately sixty to 
three hundred atmospheres of pressure. In some cases, this 
may provide su?icient pressure to force the released oil from 
the oil shale deposit to the ground surface Without a need for 
additional sources of pressure (e.g., additional pumping of 
gases into the deposit). 
[0032] In some embodiments, an oil recovery system is 
provided to help direct the released oil into a collector When 
it is forced to the ground surface. For example, the oil recov 
ery system may include one or more pipes and other compo 
nents sunk into a bore hole approximately to the depth of the 
oil shale deposit. The released oil may be forced into and up 
the bore hole via pipes and/or other components of the oil 
recovery system, and directed into a surface collector. 
[0033] FIG. 1 shoWs a simpli?ed system block diagram of 
an oil recovery system, according to various embodiments of 
the invention. The oil recovery system 100 includes a number 
of subsystems for heating an oil shale deposit to release oil 
and recovering the released oil in a useful Way. In some 
embodiments, a poWer management system 104 provides 
poWer to a microWave generation system 108, Which gener 
ates a certain type of high-poWer microWave radiation (e.g., 
pulse or continuous-Wave). The radiation may be transmitted 
into an oil shale deposit 116 via an in-situ radiation system 
112 (e.g., one or more antennae) for heating the oil shale 
deposit 116. As the oil shale deposit 116 heats, physical 
and/or chemical processes generate a set of released constitu 
ents 120 (e.g., oil, gases, etc.). The released constituents 120 
may be handled by an oil extraction system 124 adapted at 
least to direct the released oil to an oil collection system 128. 
Oil collected in the oil collection system 128 may then be 
re?ned, transported, and/or otherWise processed by an oil 
processing system 132. 
[0034] Embodiments of the oil recovery system 100 
include a poWer management system 104 adapted to provide 
and manage poWer to the oil recovery system 100. Any useful 
poWer management system 104 may be used, including 
poWer generators, converters, etc. In some embodiments, the 
poWer management system 104 includes components to gen 
erate poWer on-site (e.g., near the oil shale deposit); While in 
other embodiments, the poWer management system 104 



US 2009/0173488 A1 

includes components to generate power off-site and transport 
the power on-site. In one embodiment, the power manage 
ment system 104 includes components to couple with exist 
ing or supplemental utility provisions (e.g., the electrical grid, 
on-site wind turbines, etc.) and convert the power for use by 
the oil recovery system 100. In another embodiment, the 
power management system 104 includes components for 
recycling products of the oil recovery system 100 for use in 
generating power. For example, hot gases (e.g., fuel bearing 
gases) generated by the oil recovery system 100 may be 
recovered to generate electricity for the oil recovery system 
100. 

[0035] In some embodiments, the power management sys 
tem 104 manages power provided for operation of a micro 
wave generation system 108. The microwave generation sys 
tem 108 may generate microwave radiation with certain 
characteristics (e.g., power, frequency, waveform, etc.), 
which may be transmitted to an oil shale deposit 116 via an in 
situ radiation system 112. In various embodiments, the micro 
wave generation system 108 may include one or more 
klystrons, magnetrons, and/ or other microwave generation 
components. 
[0036] In certain embodiments, the microwave generation 
system 108 generates high-power microwave radiation. In 
one embodiment, a 1.5-4.5 megawatt, high-power klystron is 
used to generate approximately 2.856 GHZ pulsed-wave 
microwave radiation at an ef?ciency of approximately forty 
two percent (e.g., or 32 to 44 percent). In another embodi 
ment, a one-hundred kilowatt (i.e., average power), high 
power klystron is used to generate approximately 2.45 GHZ 
continuous-wave microwave radiation at an ef?ciency of 
approximately sixty percent. It will be appreciated that high 
power klystrons may be more ef?cient than low-power 
klystrons and may provide better penetration of the micro 
wave radiation into the oil shale deposit. Further, continuous 
wave radiation may be generated more e?iciently than pulse 
wave radiation. However, pulse-wave radiation may provide 
higher peak electric ?eld intensities for a given amount of 
energy expended, as compared to continuous-wave radiation. 

[0037] In some embodiments, the release of oil from the oil 
shale deposit 116 may be related to the intensity of the micro 
wave electrical ?eld used to heat the oil shale. Because pulsed 
waves may tend to generate higher electrical ?eld intensities 
than comparable continuous waves, it may be desirable in 
certain embodiments to use pulse-wave radiation. For a cer 
tain klystron, using pulse-wave radiation may substantially 
reduce its ef?ciency (e.g., from approximately sixty percent 
to approximately forty-four percent) and reduce the average 
power of the output (e.g., from approximately one hundred 
kilowatts to approximately twenty-two kilowatts for twenty 
microsecond pulses). The advantages gained by an increase 
in ?eld intensity, however, may offset or outweigh any disad 
vantages due to a decrease in output power or e?iciency, as a 
net gain in output e?iciency may result. For example, higher 
power radiation may generate a higher intensity electric ?eld, 
which may in turn increase the rate of reaction (e. g., or reac 
tion kinetics). As such, use of pulse power may cause more oil 
to be recovered per unit time (e.g., as compared with continu 
ous-wave power), such that the microwave generation system 
108 may run for a shorter total duration. 

[0038] As such, some embodiments of the microwave gen 
eration system 108 are adapted to generate pulse-wave radia 
tion, while other embodiments of the microwave generation 
system 108 are adapted to generate continuous-wave radia 
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tion. It will be appreciated that other characteristics of the 
radiation may also affect its usefulness for various purposes, 
including oil extraction e?iciency, power consumption e?i 
ciency, compatibility with available components, compatibil 
ity with certain materials, etc. For example, embodiments of 
the microwave generation system 108 may be adapted to 
generate radiation of different polarities, waveforms, fre 
quencies, amplitudes, etc. 
[0039] Embodiments of the microwave generation system 
108 include an in-situ radiation system 112 for transmitting 
the radiation generated by the microwave generation system 
108 into the oil shale deposit 116. In some embodiments, the 
in-situ radiation system 112 includes one or more antennae. 
In certain embodiments, the antenna or antennae are situated 
in a bore hole sunk into the oil shale deposit 116 (e.g., see FIG. 
3). In other embodiments, some or all of the antenna or 
antennae are situated outside the bore hole within the oil shale 
deposit 116. For example, a set of antennae may be distributed 
throughout the oil shale deposit 116 to allow for more e?i 
cient irradiating of certain parts of the oil shale deposit 116 
(e.g., see FIG. 5A). 
[0040] In various embodiments, the antenna or antennae 
may be in various proximities to one or more components of 
the microwave generation system 108. In one embodiment, 
the microwave generation system 108 includes a single gen 
erator (e.g., a single klystron), coupled with a single antenna 
using a wave guide. The wave guide is adapted to e?iciently 
transmit the radiation from the klystron to the antenna for 
transmission to the oil shale deposit 116 (e.g., with substan 
tially no loss). In another embodiment, the microwave gen 
eration system 108 includes a single generator coupled with 
multiple antennae using multiple wave guides. In yet another 
embodiment, the microwave generation system 108 includes 
multiple generators, each coupled with one or more antennae 
via one or more wave guides. It will be appreciated that, 
where there are multiple generators, antennae, and/or wave 
guides, each may be the same or different as the others, 
depending on known antenna design factors and characteris 
tics of the oil shale deposit 116 and the components of the oil 
recovery system 100. 
[0041] It will be appreciated that many types of antennae 
and wave guides are possible, according to embodiments of 
the invention. For example, the components of the in-situ 
radiation system 112 may be adapted to optimiZe transmis 
sion of a particular frequency, polarity, etc. In some embodi 
ments, the shape, siZe, con?guration, and/ or other character 
istics of the in-situ radiation system 112 are designed to affect 
the radiation in a particular way. For example, the shape may 
be selected to shape the radiation waveforms (e. g., a rectan 
gular waveguide for rectangular waves (TE/ TM modes)), the 
material may be selected for transmitting certain frequencies 
(e.g., copper, etc.), the antenna may be siZed, slotted, and/or 
capped to increase transmission of certain frequencies, etc. 
[0042] Embodiments of the in-situ radiation system 112 
may include other components for added functionality. For 
example, it may be desirable to shield the antenna from cer 
tain environmental extemalities, such as hot oil and gases 
being released from the oil shale deposit 116. As such, some 
embodiments include a sheath or other type of shield for 
surrounding an antenna. In certain embodiments, the sheath is 
designed to allow propagation of radiation, while shielding 
the antenna from the environmental externalities. For 
example, in one embodiment, the sheath has a ten-inch inner 
diameter and a wall thickness of 0.25 inches, and is manufac 
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tured from a composition of fused silica that is approximately 
one hundred percent transparent to the propagation of 2.45 
GHz microwave radiation. In another embodiment, the sheath 
is manufactured from polytetra?uoroethylene (“PTFE”), 
high-density polyethylene (e.g., ECCO STOCK CPE from 
Emerson and Cummings), or fused silica (e. g., for added 
durability). In other embodiments, other components, like 
repeaters, optics, etc., are provided to aid in the transmission 
of desired radiation into the oil shale deposit 116. For 
example, certain radiation re?ectors may be situated in the oil 
shale deposit 116 to re?ect and/or focus unabsorbed radiation 
back into the oil shale deposit 116 or into a certain portion of 
the oil shale deposit 116. 
[0043] Oil shale may typically manifest as a layered, depos 
ited bed of kerogen (a bituminous solid) in a porous rock 
matrix. The rock matrix may contain associated free Water 
and bound Water, some of the Water being Water of crystalli 
zation in minerals, including carbonates, silicates, and phos 
phates mixed With pyrite. The intertWined matrices may con 
tain geologically trapped Water of around 1.5 to 3 percent by 
Weight in the oil shale deposit 116, in addition to the Water of 
crystallization in mineral constituents. 
[0044] When high-poWer microWave radiation is propa 
gated into the oil shale deposit 116, the radiation may be 
absorbed, though typically Weakly, by the oil shale (Which 
may have a loW dielectric loss of around 0.4). Super-heated 
steam may be generated by vaporizing the geologically 
trapped Water. The steam pressure may cause oil shale layers 
to fracture as the radiation penetrates into the oil shale deposit 
116. Oil may begin to be released from the oil shale When the 
localized temperature reaches a particular level (e.g., around 
4500 C. at approximately ?fty atmospheres or more). As the 
temperature continues to rise, more oil may be released. 
Additionally, at higher temperatures (e.g., 5250 C.), there 
may be further cracking and some gasi?cation of residual oil 
(e. g., promoted by catalysis from the minerals present). 
[0045] As such, irradiating, and thereby heating, the oil 
shale deposit 116 may cause constituents 120 of the oil shale 
deposit 116 to be released. These released constituents 120 
may include oil, as Well as solid particulates, gases (e.g., 
steam, CO2, etc.), and other constituents. In some cases, the 
released constituents 120 are simply released from the oil 
shale deposit 116 (e.g., trapped kerogen may be released). In 
other cases, the released constituents 120 include chemically 
generated and/ or altered constituents (e. g., trapped Water may 
be released as steam and some residual oil may be gasi?ed). 

[0046] Embodiments of the oil recovery system 100 
include an oil extraction system 124 for handling the released 
constituents 120. In some embodiments, the oil extraction 
system 124 includes components for directing the How of at 
least a portion of the released constituents 120. For example, 
the oil extraction system 124 may include pipes, conduits, 
drains, sieves, valves, pumps, etc. In certain embodiments, an 
area around the bore hole is treated to create high ground 
surface pressure. For example, compressed concrete and soil 
may be provided in the vicinity of the bore hole. In this Way, 
pressure built up from the release of the released constituents 
120 (e.g., pressure from superheated steam and other gases) 
may cause the released oil to ?nd loWer pressure exit paths, 
Which may force at least a portion (e.g., substantially all) of 
the released oil into and up the bore hole (e. g., through one or 
more pipes). Certain seals, valves, and/or openings may be 
provided to control various pressures, to better direct the How 
of oil. 
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[0047] In some embodiments, the oil extraction system 124 
is adapted to direct the oil into an oil collection system 128. 
For example, the oil collection system 128 may include a 
surface oil collector for collecting any oil leaving the bore 
hole. Those of skill in the art Will appreciate that many oil 
collection systems and techniques may be used in accordance 
With embodiments. For example, the oil collection system 
128 may include components for storage, absorption, sepa 
ration, skimming, etc. 
[0048] For example, as gases are generated and/or released 
by the heating of the oil shale deposit 116, pressure in the 
region of the oil shale deposit 116 may increase. Appropriate 
management of this pressure may cause fracture of the oil 
shale deposit 116, Which may cause the released constituents 
of the oil shale deposit 116, including released oil, to be 
forced (e.g., upWards) to loWer pressure areas. By providing a 
loW pressure environment Within the bore hole (e.g., using 
piping), oil and other released constituents may be forced up 
the bore hole and into a surface collector. 

[0049] Once the oil has been collected (e.g., or While the oil 
is being collected) by the oil collection system 128, embodi 
ments may process the oil using an oil processing system 132. 
Some embodiments of the oil processing system 132 include 
components for re?ning the collected oil. It Will be appreci 
ated that the collected oil may be an oil emulsion. For 
example, the oil may contain various contaminants and/or 
impurities, the oil may be heavy (e.g., containing highly 
viscous macromolecules of hydrocarbons), etc. In these and 
other cases, the oil processing system 132 may be used to 
partially or completely re?ne the oil (e. g., into light crude oil, 
or some other form of useful oil). Other embodiments of the 
oil processing system 132 may include components for trans 
porting the oil (e.g., pipelines, barges, tankers, drums, pumps, 
reservoirs, etc.). 
[0050] FIG. 2 shoWs a simpli?ed illustration of an oil recov 
ery system, according to various embodiments of the inven 
tion. The oil recovery system 200 is situated in substantial 
proximity to a bore hole 202 Which has been drilled into an oil 
shale deposit 206. The bore hole 202 may be drilled in any 
useful Way, and may folloW any useful path. In some embodi 
ments, the bore hole 202 is drilled vertically, folloWing a 
substantially straight path into the oil shale deposit. In other 
embodiments, the bore hole 202 is drilled horizontally or at an 
angle and/or folloWing a non-linear path. It Will be appreci 
ated that the various components of embodiments of the 
invention may be oriented and/or situated to account for the 
direction of the bore hole 202 path (e.g., so as to ultimately 
direct released oil into a vertical section of the oil recovery 
system 200). In one embodiment, the bore hole 202 is 
approximately one thousand feet deep and approximately 
sixteen inches in diameter. 

[0051] In some embodiments, at the surface of the bore hole 
202 and extending outWard for some distance, there may be 
layers of compacted soil and concrete 204. These layers of 
compacted soil and concrete 204 may help mitigate seepage 
of liquids and gases (e.g., oil, steam, etc.) through the ground 
surface in proximity to the bore hole 202. It Will be appreci 
ated that the layers of compacted soil and concrete 204 may 
be supplemented or supplanted by other materials to help 
minimize seepage through the surrounding ground surface. It 
Will be further appreciated that, as discussed above, the layers 
of compacted soil and concrete 204 may cause underground 
pressure to develop to help direct the How of released oil into 
oil extraction and collection components. 
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[0052] In some embodiments, a power supply 210 is pro 
vided. The power supply 210 may be part of a poWer man 
agement system, like the poWer management system 104 of 
FIG. 1. In some embodiments, all or part of the poWer supply 
210 is situated outside the bore hole 202 on or near the ground 
surface (e.g., on the layers of compacted soil and concrete 
204). In some embodiments, some or all of the poWer supply 
210 is situated in close proximity to the bore hole 202 to 
minimize the distance betWeen the poWer supply 210 and 
components requiring poWer (e.g., the generator 220). 
[0053] Embodiments of the poWer supply 210 may include 
any system or group of systems capable of generating or 
supplying adequate poWer for the oil recovery system 200. In 
certain embodiments, the poWer supply 210 may include 
components (e. g., a transformer) capable of interfacing With 
an existing poWer grid. In other embodiments, the poWer 
supply 210 may include poWer generating components, like 
Wind turbines, battery-coupled solar cells, nuclear reactors, 
hydroelectric generators, or any other useful poWer generator. 
The poWer supply 210 may also include back-up systems, fail 
safes, recti?ers, and other components to help maintain sub 
stantially constant poWer With certain characteristics (e.g., 
certain voltage, frequency, and lack of interference). 
[0054] In some embodiments, the poWer supply 210 out 
puts poWer through one or more poWer cables 212. As such, 
one end of the poWer cable 212 may be coupled With the 
poWer supply 210. In some embodiments, all or a portion of 
the poWer cable 212 may be shielded (e.g., by additional 
tubing, conduit, or other shielding) to protect the cable from 
extemalities that may damage the poWer cable 212 or affect 
the transmission of poWer or other signals through the poWer 
cable 212. By Way of example, these extemalities may 
include heat, moisture, or electromagnetic ?elds. In certain 
embodiments, the poWer cable(s) 212 may be manufactured 
or adapted to provide added functionality. For example, the 
poWer cable 212 may be split into multiple cables that can be 
coupled using integrated connectors. This may alloW parts of 
the oil recovery system 200 to be more easily installed in 
pieces (e.g., subassemblies). In other examples, added func 
tionality may be provided by supplying redundant poWer 
cables; including data cables or data transmission capabili 
ties; insulating and/or shielding cables for handling electro 
magnetic interference, chaf?ng, exposure to environmental 
extemalities, etc.; or in many other Ways. 
[0055] In some embodiments, the poWer cable 212 may be 
coupled With a generator 220, alloWing the provision of 
poWer from the poWer supply 210 to the generator 220. 
Embodiments of the generator 220 may be included in a 
microWave generation system like the microWave generation 
system 108 of FIG. 1. In some embodiments, the generator 
220 may be sunk into the bore hole 202 and situated in 
proximity to the depth Where oil Will be extracted from the oil 
shale deposit 206. In other embodiments, the generator 220 
may be located at or near the ground surface. HoWever, it Will 
be appreciated that situating the generator 220 in proximity to 
the oil shale deposit 206 may increase the ef?ciency of the 
production of oil from the oil shale deposit 206. 
[0056] Embodiments of the generator 220 are adapted to 
generate high-poWer microWave radiation. In some embodi 
ments, a high-poWer klystron is used for generating approxi 
mately 2.45 GHZ radiation at approximately one-half mega 
Watt (e.g., or 100 kiloWatts) of poWer. Certain embodiments 
of the generator 220 provide continuous-Wave radiation, 
While other embodiments provide pulse-Wave radiation. The 

Jul. 9, 2009 

generator 220 may be adapted to operate only at around one 
frequency or it may be adjustable (e.g., tunable). Further, the 
generator 220 may be adapted to generate particular polar 
iZations, shapes, amplitudes, and other characteristics of 
radiation. 
[0057] It Will be appreciated that different types of radiation 
may be desirable depending on certain characteristics of the 
oil shale deposit 206. For example, high-poWer, 2.45-2.5 GHZ 
radiation (e.g., at approximately 4.5 megaWatt of poWer) may 
be desirable for oil shale deposits 206 of a certain type found 
at around one thousand feet beloW ground level. HoWever, for 
shalloWer oil shale deposits 206 (e.g., tar sands, shalloW pits, 
etc.), loWer poWers or different frequencies may be more 
desirable. 
[0058] In some embodiments, the microWave radiation is 
propagated into the oil shale deposit 206 from the generator 
220 via an antenna 224. The antenna 224 may be adapted to 
optimiZe the amount and direction of microWave radiation 
into the oil shale deposit 206. In some embodiments, the 
antenna 224 may be capped at the bottom to increase its 
effectiveness. It Will be appreciated that many types and con 
?gurations of antenna 224 are possible, according to embodi 
ments of the invention. An illustrative embodiment of the 
antenna 224 can be seen in FIG. 3. 

[0059] FIGS. 3A and 3B shoW illustrations of a front vieW 
and a side vieW of an antenna, respectively, according to 
embodiments of the invention. For clarity, FIGS. 3A and 3B 
Will be discussed in parallel. It Will be appreciated that the 
illustrated antenna 300 is only one of many possible antennae, 
and should not be construed as limiting the invention in any 
Way. For example, the speci?cs of the antenna 300 design may 
be adjusted for transmission of different frequencies, Wave 
shapes, polarizations, directionality, etc. 
[0060] In some embodiments, the antenna 300 may have a 
housing 330 With a length 302 of approximately one meter 
and a rectangular cross-section. The housing 330 may be 
manufactured separately or as part of a Wave guide. In one 
embodiment, the antenna 300 is a linear portion of a WR 340 
copper Wave guide. The antenna 300 may be designed to 
transmit microWave radiation at 2.45 GHZ. 

[0061] In some embodiments, the housing 330 has tWo 
Wide faces 306 opposite each other, each having an inner 
Width 304-1 of approximately 3.40 inches, and tWo narroW 
faces 308, each having an inner Width 304-2 of approximately 
1.70 inches. The housing 330 may also be shorted at the 
bottom by an adjustable plug 332, and may be fused at the top 
to a ?ange 334 (e. g., attached to the Wave guide). The housing 
330 may further include a plurality of slots 310 Which pierce 
the housing 330 and may be adapted to directionally propa 
gate microWave radiation into an oil shale deposit 206 of FIG. 
2. In some embodiments, the housing 330 and slots 310 are 
con?gured to generate substantially omni-directional radia 
tion (e.g., by providing substantially 180-degree radiation 
from each of the Wide faces 306). 
[0062] In one embodiment, the housing 330 includes eight 
slots 310 on each ofits tWo Wide faces 306 and no slots 310 on 
its narroW faces 308. Each of the slots 310 may have a slot 
length 312 of 2.407 inches and a slot Width 314 of 0.245 
inches. The housing 330 may also provide a headspace 320 
betWeen the top of the antenna 300 and the top of the upper 
most slot 310-1 of approximately 3.667 inches, a vertical 
spacing 322 of approximately 3.667 inches, and a bottom 
offset 324 betWeen the bottom of the antenna 300 and the 
bottom of the loWest slot 310-8 of approximately 3.667 
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inches. Further, the slots 310 may each have a horizontal 
offset 326 from the centerline 328 of the antenna 300 of 
approximately 0.197 inches. It Will be appreciated that many 
shapes, siZes, quantities, andpositions of slots are possible for 
providing similar or different results. 

[0063] Returning to FIG. 2, in some embodiments, micro 
Wave radiation output from the generator 220 propagates 
through a Wave guide 222 before reaching the antenna 224. In 
certain embodiments, a ?ange 226 may be provided at an end 
of the Wave guide 222 With Which the antenna 224 may be 
coupled to the ?ange 226. In one embodiment, the antenna 
224 may be engraved on the end of the Wave guide 222 past 
the ?ange. 
[0064] The Wave guide 222 may be any useful shape to aid 
in the propagation of the microWave radiation. For example, 
the Wave guide 222 may include a curve of approximately 
ninety degrees. This may be desirable Where the output of the 
generator 220 propagates the microWave radiation in a direc 
tion substantially orthogonal to the orientation of the antenna 
224. In one embodiment, the Wave guide 222 is a WR 340 
type copper Wave guide With high surface ?nishes. HoWever, 
it Will be appreciated that the Wave guide 222 may be manu 
factured from any effective material (e.g., copper). 
[0065] In certain embodiments, other components may be 
added to assist the propagation of the microWave radiation 
into the oil shale deposit 206. For example, additional anten 
nae may be provided in one or more locations throughout the 
oil shale deposit 206. Further, it may be desirable to monitor 
certain characteristics of the oil recovery system 200, and 
adjust the radiation accordingly. 
[0066] In some embodiments, various monitor probes (e.g., 
dielectric probes) may be placed Within the oil shale deposit 
206 for monitoring the amount and/ or characteristics of 
microWave radiation reaching certain parts of the oil shale 
deposit 206. For example, monitoring devices may be used at 
the ground surface to monitor the progress of oil release from 
the oil shale deposit 206 and the associated gasi?cation and/ 
or cracking of the oil shale deposit 206 (e.g., or other con 
stituents associated With the kerogen in the oil shale). In one 
embodiment, dielectric probes are provided to identify dif 
ferent constituents of a deposit by exploiting differences in 
dielectric constants (e. g., Water may have a dielectric constant 
of approximately 80, Wet sand may have a dielectric constant 
of approximately 10-30, and shale may have a dielectric 
constant of approximately 5-15). 
[0067] In another embodiment, a compact, portable, milli 
meter-Wave spectrometer may be used at the ground surface 
to quantitatively monitor and detect the composition of the 
released oil emulsion. This quantitative monitoring may 
include the various proportions of the constituents in a gas 
eous volatile stream as they exit the oil transport pipe 230. 
Similarly, the various proportions of the constituents in a 
gaseous volatile stream may be monitored after being other 
Wise processed (e.g., by the oil processing system 132 ofFIG. 
1). For example, the volatiles may be captured in a quartz cell 
at very loW pressures for millimeter-Wave double-resonance 
spectroscopy to provide on-line dynamic data relating to the 
quantitative monitoring of the volatile stream. 
[0068] In still other embodiments, millimeter-Wave radia 
tion is used for remote sensing. For example, sensors at the 
ground surface may be adapted to locate potentially rich 
deposits of oil shale rocks underground for exploration. This 
may help predict the potential of oil before installing an oil 
recovery system 200. Millimeter-Wave radiation of knoWn 

Jul. 9, 2009 

spectral distribution may be sent through a transmission line 
to suspected sites and the re?ected radiation may be com 
pared With the incident radiation. The comparison may tell if 
the deposit is rich in oil shale. This may provide a cost effec 
tive and reliable methodology to be used in oil exploration, 
including for ?nding oil deposits in oil shale underground. 
[0069] In still other embodiments, the input and/or output 
of the generator 220 may be monitored to determine genera 
tor e?iciency, poWer usage, output characteristics, etc. In any 
or all of the various embodiments that include monitoring, 
monitored information may be fed back to components or 
systems of the oil recovery system 200. In some embodi 
ments, the information may be used to directly or indirectly 
adjust characteristics of the radiation supplied to the oil shale 
deposit 206. For example, components of the oil recovery 
system 200 may be adjusted to change the frequency, poWer, 
intensity, and/ or other characteristics of the radiation. 
[0070] In some embodiments, the antenna 224 may be 
enclosed Within a sheath 228. The sheath 228 may be adapted 
to shield the antenna 224 from externalities, like superheated 
steam, CO2, H2, oil, and rock. Shielding the antenna 224 may 
require manufacturing the sheath 228 from certain materials 
and to certain speci?cations. For example, in one embodi 
ment, the sheath 228 is cylindrical With a ten-inch inner 
diameter and a Wall thickness of 0.25 inches. 

[0071] In certain embodiments, the sheath 228 is adapted to 
be substantially transparent to a predetermined frequency of 
microWave radiation. For example, certain types of silica 
(e.g., fused silica) may be approximately one hundred percent 
transparent to the propagation of 2.45 GHZ microWave radia 
tion. In some embodiments, portions of the sheath 228 may 
include an opening Which alloWs the passage of the Wave 
guide 222, pipes, cables, and/or other components into or out 
from the sheath 228. These openings may be adapted to 
maintain the overall seal around the antenna 224 by using 
mechanical or chemical sealing components (e.g., sealing 
rings, grommets, etc.). 
[0072] In some embodiments, the sheath 228 is sunk into 
the bore hole 202 and situated in proximity to the depth Where 
oil Will be extracted from the oil shale deposit 206. In certain 
embodiments, the generator 220 may be coupled With the 
outside of the sheath 228. The Wave guide 222 may then be 
coupled betWeen the generator 220 and the antenna 224 such 
that it passes through a sealed opening in the Wall of the 
sheath 228. In this Way, a sealed environment may be created 
for the propagation of the microWave radiation. 
[0073] It Will be appreciated that many types and con?gu 
rations of sheath 228 are possible, according to embodiments 
of the invention. For example, the sheath 228 may be manu 
factured in any useful shape, siZe, material, thickness, etc. In 
some embodiments, the sheath 228 surrounds the generator 
220 and/ or other components of the oil recovery system 200. 
In embodiments that include multiple antennae 224, multiple 
sheaths 228 may be used to surround some or all of the 
antennae, individually or in groups. 
[0074] In some embodiments, an oil transport pipe 230 is 
sunk into the bore hole 202. Oil released from the oil shale 
deposit 206 may be forced upWard through the oil transport 
pipe 230 and into a surface oil collector 208. In one embodi 
ment, the oil transport pipe 230 may have an approximately 
ten-inch inner diameter, may be manufactured from corro 
sion-resistant steel (e.g., 316 L steel), and may have a Wall 
thickness of approximately 0.25 inches. It Will be appreciated 
that the oil transport pipe 230 may be manufactured in any 




















