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RADIO FREQUENCY ENHANCED STEAM ASSISTED GRAVITY
DRAINAGE METHOD FOR RECOVERY OF HYDROCARBONS

The present invention relates to heating a geological formation for the
extraction of hydrocarbons, which is a technique of well stimulation. In particular, the
present invention relates to an advantageous method that can be used to heat a
geological formation to extract heavy hydrocarbons.

As the world’s standard crude oil reserves are depleted, and the
continued demand for oil causes oil prices to rise, oil producers are attempting to
process hydrocarbons from bituminous ore, oil sands, tar sands, and heavy oil
deposits. These materials are often found in naturally occurring mixtures of sand or
clay. Because of the extremely high viscosity of bituminous deposits, oil sands, oil
shale, tar sands, and heavy oil, the drilling and refinement methods used in extracting
standard crude oil are typically not available. Therefore, recovery of oil from these
deposits requires heating to extract hydrocarbons from other geologic materials and to
maintain hydrocarbons at temperatures at which they will flow.

Current technology heats the hydrocarbon formations through the use
of steam and sometimes through the use of electric or radio frequency (RF) heating.
Steam has been used to provide heat in-situ, such as through a steam assisted gravity
drainage (SAGD) system. Electric heating methods generally use electrodes in the
formation and the electrodes may require continuous contact with liquid water.

An embodiment of the present invention is a method for heating a
hydrocarbon formation. A radio frequency applicator is positioned to produce
electromagnetic energy within a hydrocarbon formation in a location where water is
present near the applicator. A signal, sufficient to heat the hydrocarbon formation
through electric current, is applied to the applicator. The same or an alternate
frequency signal is then applied to the applicator that is sufficient to heat the
hydrocarbon formation through electric fields, magnetic fields, or both.

Another aspect of the present invention is a method for efficiently
creating electricity and steam to heat a hydrocarbon formation. An electric generator,

steam generator, and a regenerator containing water are provided. The electric
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generator is run. The excess heat created from running the electric generator is
recycled by feeding it into the regenerator causing the water to be preheated or even
steamed. The preheated water or steam is then fed into the steam generator, which
improves the overall efficiency of the process.

Other aspects of the invention will be apparent from this disclosure.

Figure 1 is a diagrammatic cutaway view of a steam assisted gravity
drainage (SAGD) system adapted to also operate as a radio frequency applicator.

Figure 2 is a flow diagram illustrating a method of applying heat to a
hydrocarbon formation.

Figure 3 is a flow diagram illustrating an alternative method of
applying heat to a hydrocarbon formation.

Figure 4 depicts a steam chamber in conjunction with the present
invention.

Figure 5 depicts an expanding steam chamber in conjunction with the
present invention.

Figure 6 depicts an alternate location of a steam chamber in
conjunction with the present invention.

Figure 7 depicts an alternate location of an antenna in relation to an
SAGD system in conjunction with the present invention.

Figure 8 is a flow diagram illustrating a method of conserving energy
in relation to heating a hydrocarbon formation.

The subject matter of this disclosure will now be described more fully,
and one or more embodiments of the invention are shown. This invention may,
however, be embodied in many different forms and should not be construed as limited
to the embodiments set forth herein. Rather, these embodiments are examples of the
invention, which has the full scope indicated by the language of the claims.

The viscosity of oil decreases dramatically as its temperature is
increased. Butler [1972] showed that the oil recovery rate is proportional to the
square root of the viscosity of the oil in the reservoir. Thus the oil production rate is

strongly influenced by the temperature of the hydrocarbon, with higher temperatures
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yielding significantly higher production rates. The application of electromagnetic
heating to the hydrocarbons increases the hydrocarbon temperature and thus increases
the hydrocarbon production rate.

Electromagnetic heating uses one or more of three energy forms:
electric currents, electric fields, and magnetic fields at radio frequencies. Depending
on operating parameters, the heating mechanism may be resistive by Joule effect or
dielectric by molecular moment. Resistive heating by Joule effect is often described
as electric heating, where electric current flows through a resistive material. The
electrical work provides the heat which may be reconciled according to the well
known relationships of P = I* R and Q =I” R t. Dielectric heating occurs where polar
molecules, such as water, change orientation when immersed in an electric field and
dielectric heating occurs according to P = €, g E?and Q=m¢g"¢g E*t. Magnetic
fields also heat electrically conductive materials through the formation of eddy
currents, which in turn heat resistively. Thus magnetic fields can provide resistive
heating without conductive electrode contact.

Electromagnetic heating can use electrically conductive antennas to
function as heating applicators. The antenna is a passive device that converts applied
electrical current into electric fields, magnetic fields, and electrical currents in the
target material, without having to heat the structure to a specific threshold level.
Preferred antenna shapes can be Euclidian geometries, such as lines and circles.
Additional background information on dipole antennas can be found at S.K.
Schelkunoff and H.T. Friis, Antennas: Theory and Practice, pp 229 - 244, 351 — 353
(Wiley New York 1952). The radiation pattern of an antenna can be calculated by
taking the Fourier transform of the antenna’s electric current flow. Modern
techniques for antenna field characterization may employ digital computers and
provide for precise RF heat mapping.

Antennas, including antennas for electromagnetic heat application, can
provide multiple field zones which are determined by the radius from the antenna r
and the electrical wavelength A (lambda). Although there are several names for the

zones they can be referred to as a near field zone, a middle field zone, and a far field
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zone. The near field zone can be within a radius r < A/2x (r less than lambda over 2 pi)
from the antenna, and it contains both magnetic and electric fields. The near field
zone energies are useful for heating hydrocarbon deposits, and the antenna does not
need to be in electrically conductive contact with the formation to form the near field
heating energies. The middle field zone is of theoretical importance only. The far
field zone occurs beyond r > A / & (r greater than lambda over pi), is useful for heating
hydrocarbon formations, and is especially useful for heating formations when the
antenna is contained in a reservoir cavity. In the far field zone, radiation of radio
waves occurs and the reservoir cavity walls may be at any distance from the antenna
if sufficient energy is applied relative the heating area. Thus, reliable heating of
underground formations is possible with radio frequency electromagnetic energy with
antennas insulated from and spaced from the formation. The electrical wavelength
may be calculated as A = ¢ / f which is the speed of light divided by the frequency. In
media this value is multiplied by Vu/e which is the square root of the media magnetic
permeability divided by media electric permittivity.

Susceptors are materials that heat in the presence of RF energies. Salt
water is a particularly good susceptor for electromagnetic heating; it can respond to
all three RF energies: electric currents, electric fields, and magnetic fields. Oil sands
and heavy oil formations commonly contain connate liquid water and salt in sufficient
quantities to serve as an electromagnetic heating susceptor. For instance, in the
Athabasca region of Canada and at 1 KHz frequency, rich oil sand (15 % bitumen)
may have about 0.5 - 5% water by weight, an electrical conductivity of about 0.01
s/m, and a relative dielectric permittivity of about 120. As bitumen becomes mobile
at or below the boiling point of water at reservoir conditions, liquid water may be a
used as an electromagnetic heating susceptor during bitumen extraction, permitting
well stimulation by the application of RF energy. In general, electromagnetic heating
has superior penetration and heating rate compared to conductive heating in
hydrocarbon formations. Electromagnetic heating may also have properties of
thermal regulation because steam is not an electromagnetic heating susceptor. In

other words, once the water is heated sufficiently to vaporize, it is no longer
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electrically conductive and is not further heated to any substantial degree by
continued application of electrical energy.

In certain embodiments, the applicator may be formed from one or
more pipes of a steam assisted gravity drainage (SAGD) system. An SAGD system is
an existing type of system for extracting heavy hydrocarbons. In other embodiments,
the applicator may be located adjacent to an SAGD system. In yet other
embodiments, the applicator may be located near an extraction pipe that is not part of
a traditional SAGD system. In these embodiments, using electromagnetic heating in a
stand alone configuration or in conjunction with steam injection accelerates heat
penetration within the reservoir thereby promoting faster heavy oil recovery.
Supplementing the heat provided by steam with electromagnetic energy also
dramatically reduces the water consumption of the extraction process.
Electromagnetic heating that reduces or even eliminates water consumption is very
advantageous because in some hydrocarbon formations water can be scarce.
Additionally, processing water prior to steam injection and downstream in the oil
separation and upgrading processes can be very expensive. Therefore, incorporating
electromagnetic heating in accordance with this invention provides significant
advantages over existing methods.

Figure 1 depicts a radio frequency applicator 10 formed from the
existing pipes of an SAGD system. It includes at least two well pipes 11 and 12 that
extend downward through an overburden region 13 into a hydrocarbon formation 14.
The portions of the steam injection pipe 11 and the extraction pipe 12 within the
hydrocarbon formation 14 are positioned so that steam or liquid released from the
steam injection pipe 11 heats the hydrocarbon formation 14, which causes the heavy
oil or bitumen to become mobile and flow within the hydrocarbon formation 14 to the
extraction pipe 12. The pipes are electrically connected, and powered through a radio
frequency transmitter and coupler 15. The applicator 10 is disclosed in greater detail
in the copending application identified as assignee docket number GCSD-2203, which
is incorporated by reference here. The applicator 10 is an example of an applicator

that can be utilized to heat the formation in accordance with the methods described
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below. However, variations and alternatives to such an applicator can be employed.
And the methods below are not limited to any particular applicator configuration.

Figure 2 is a flow diagram illustrating a method of applying heat to a
hydrocarbon formation 20. At the step 21, a radio frequency applicator is provided
and is positioned to provide electromagnetic energy within the hydrocarbon formation
in an area where water is present. At the step 22, a signal sufficient to heat the
formation through conducted electric currents is applied to the applicator until the
water near the applicator is nearly or completely desiccated (i.e. removed). At the
step 23, the same signal or an alternate signal than applied in the step 22 is applied to
the applicator, which is sufficient to pass through the desiccated zone and heat the
hydrocarbon formation through an electric field, a magnetic field, or both.

At the step 21, a radio frequency applicator is provided and is
positioned to provide electromagnetic energy within the hydrocarbon formation in an
arca where water is present within the hydrocarbon formation. The applicator can be
located within the hydrocarbon formation or adjacent to the hydrocarbon formation,
so long as the radiation produced from the applicator penetrates the hydrocarbon
formation. The applicator can be any structure that radiates when a radio frequency
signal is applied. For example, it can resemble the applicator described above with
respect to Figure 1.

At the step 22, a signal is applied to the applicator, which is sufficient
to heat the formation through electric current until the water near the applicator is
nearly or completely desiccated. At relatively low frequencies (less than 500 Hz) or
at DC, the applicator can provide resistive heating within the hydrocarbon formation
by Joule effect. The Joule effect resistive heating occurs through current flow due to
direct contact with the conductive applicator. The particular frequency applied can
vary depending on the conductivity of the media within a particular hydrocarbon
formation, however, signals with frequencies between about 0 to 500 Hz and
including DC are contemplated to heat a typical formation through electric currents.
As the water near the applicator is desiccated, heating through electric currents will

eventually become inefficient or not viable. Thus, at this point when the water is
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nearly or completely desiccated, it is necessary to either move onto the next step, or
replace water within the formation, for example, through steam injection.

At the step 23, the same or alternate frequency signal is applied to the
applicator, which is sufficient to heat the hydrocarbon formation through electric
fields, magnetic fields, or both. If the frequency applied in the step 22 is sufficient to
heat the hydrocarbon formation through electric fields, magnetic fields, or both then
the same frequency signal may be used at the step 23. However, once the water near
the applicator is nearly or completely desiccated, applying a different frequency signal
can provide more efficient penetration of heat the formation. The frequencies
necessary to produce heating through electric fields may vary depending on a number
of factors, such as the dielectric permittivity of the hydrocarbon formation, however,
frequencies between 30 MHz and 24 GHz are contemplated to heat a typical
hydrocarbon formation through electric fields.

The frequencies necessary to produce heating through magnetic fields
can vary depending on a number of factors, such as the conductivity of the
hydrocarbon formation, however, frequencies between 500 Hz and 1 MHz are
contemplated to heat a typical hydrocarbon formation through magnetic fields.
Relatively lower frequencies (lower than about 1 kHz) may provide greater heat
penetration while the relatively higher frequencies (higher than about 1 kHz) may
allow higher power application as the load resistance will increase. The optimal
frequency may relate to the electrical conductivity of the formation, thus the
frequency ranges provided are listed as examples and may be different for different
formations. The formation penetration is related to the radio frequency skin depth at
radio frequencies. For example, signals greater than about 500 Hz are contemplated
to heat a hydrocarbon formation through electric fields, magnetic fields, or both.
Thus, by changing the frequency, the formation can be further heated without
conductive electrical contact with the hydrocarbon formation.

At some frequencies, the hydrocarbon formation can be simultancously
heated by a combination of types of radio frequency energy. For example, the

hydrocarbon formation can be simultancously heated using a combination of electric
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magnetic fields, or electric currents, electric fields, and magnetic fields.

A change in frequency can also provide additional benefits as the
heating pattern can be varied to more efficiently heat a particular formation. For
example, at DC or up to 60 Hz, the more electrically conductive overburden and
underburden regions can convey the electric current, increasing the horizontal heat
spread. Thus, the signal applied in step 22 can provide enhanced heating along the
boundary conditions between the deposit formation and the overburden and
underburden, and this can increase convection in the reservoir to provide preheating
for the later or concomitant application of steam heating. As the desiccated zone
expands, the electromagnetic heating achieves deeper penetration within the reservoir.
The frequency is adjusted to optimize RF penetration depth and the power is selected
to establish the desired size of the desiccated zone and thus establish the region of
heating within the reservoir.

At the step 24, steam can be injected into the formation. For example,
steam can be injected into the formation through the steam injection pipe 11.
Alternatively, steam can also be injected prior to step 22 or in conjunction with any
other step.

At the step 25, steps 22, 23, and optionally step 24 are repeated, and
these steps can be repeated any number of times. In other words, alternating between
step 22, applying a signal to heat the formation through electric currents, and step 23,
applying a signal to heat the formation through electric fields or magnetic fields,
occurs. It can be advantageous to alternate between electric current heating and
electrical field or magnetic field heating to heat a particular hydrocarbon formation
uniformly, which can result in more efficient extraction of the heavy oil or bitumen.

Moreover, steam injection can help to heat a hydrocarbon formation
more efficiently. Figure 2 shows steam injected at the step 24 or sequentially with the
other heating steps described above. Also, as noted above, steam can also be injected

prior to step 22 or in conjunction with any other step. Alternatively, Figure 3 depicts
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into the formation in conjunction with the RF heating steps 32, 33, and 34.

Figure 4 depicts heating the hydrocarbon formation through electric
fields or magnetic fields as indicated in the step 23 of Figure 2. Electric fields and
magnetic fields heat the hydrocarbon formation through dielectric heating by exciting
liquid water molecules 41 within the hydrocarbon formation 14. Because steam
molecules are unaffected by electric and magnetic fields, energy is not expended
within the steam chamber region 42 surrounding the pipes in the SAGD system.
Rather, the electric fields heat the hydrocarbon region beyond the steam chamber
region 42.

The heating pattern that results can vary depending on a particular
hydrocarbon formation and the frequency value chosen in the step 23 above.
However, generally, far field radiation of radio waves (as is typical in wireless
communications involving antennas) does not significantly occur for applicators
immersed in hydrocarbon formations. Rather the fields are generally of the near field
type so the flux lines begin and terminate on the applicator structure. In free space,
near field energy rolls off at a 1/’ rate (where r is the distance from the applicator). In
a hydrocarbon formation, however, the antenna near field behaves differently from
free space. Analysis and testing has shown that dissipation causes the roll off to be
much higher, about 1/’ to 1/r*. This advantageously limits the depth of heating
penetration in the present invention to be substantially located within the hydrocarbon
formation. The depth of heating penetration may be calculated and adjusted for by
frequency, in accordance with the well-known RF skin effect.

Figure 5 shows how the steam chamber 42 expands over time, which
allows electric fields and magnetic fields to penetrate further into the hydrocarbon
formation. For instance, at an early time t, the boundary of the steam chamber 42
may be at 51. At a later time t; after some liquid water has been desiccated and steam
is injected into the hydrocarbon formation, the steam chamber 42 may expand to 52.

At an even later time t; the steam chamber 42 can expand to 53. The effect is the
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formation of an advancing steam front with electromagnetic heating ahead of the
steam front but little heating within the desiccated zone.

The radio frequency heating step 23 may also provide the means to
extend the heating zone over time as a steam saturation zone may form around and
move along the antenna. As steam is not a radio frequency heating susceptor the
electric and magnetic fields can propagate through it to reach the liquid water beyond
creating a radially moving traveling wave steam front in the formation. Additionally,
the electrical current can penetrate along the antenna in the steam saturation zone to
cause a traveling wave steam front longitudinally along the antenna.

The steam chamber 42 need not surround both the steam injection pipe
11 and the extraction pipe 12. Figure 6 shows an alternative arrangement where the
steam chamber 42 does not surround the extraction pipe 12. Moreover, the applicator
need not be located within steam chamber 42 and does not need to be formed from the
pipes of an SAGD system as depicted with respect to Figure 1. Figure 7 shows an
arrangement where an applicator 71 is located within a hydrocarbon formation 14
adjacent to the well pipes 11 and 12 of an SAGD system.

Figure 8 depicts yet another embodiment of the present invention. A
flow diagram is illustrated showing a method for efficiently creating electricity and
steam for heating a hydrocarbon formation, indicated generally as 80. At the step &1,
an electric generator, a steam generator, and a regenerator containing water are
provided. The electric generator can be any commercially available generator to
create electricity, such as a gas turbine. Likewise, the steam generator can be any
commercially available generator to create steam. The regenerator contains water and
can include a mechanism to fill or refill it with water.

At the step 82, the electric generator is run. As the electric generator
runs, it produces heat as a byproduct of being run that is generally lost energy. At
step 83, the superfluous heat generated from running the electric generator is collected
and used to preheat the water within the regenerator. At step 84, the preheated water
is fed from the regenerator to the steam generator. Because the water has been

preheated, the steam generator requires less energy to produce steam than if the water
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was not preheated. Thus, the heat expended from the electric generator in step 82 has
been reused to preheat the water for efficient steam generation. Referring back to
Figure 1, a result of this method is that less total energy is used to create the electricity
necessary to power the radio frequency applicator 10 and to create the steam
necessary to inject into the hydrocarbon formation 14 through steam injection pipe 11
than if the heat expended from the electric generator was not harvested. Thus, less
total energy is used to heat the hydrocarbon formation 14.

Energy in the form of expended heat can also be harvested from other
elements in a system, such as that described above in relation to Figure 1. For
example, the transmitter used to apply a signal to the radio frequency applicator can
expend heat, and that heat can also be harvested and used to preheat the water in the
regenerator. The coupler and transmission line can also expend heat, and this heat can

also be harvested and used to preheat the water in the regenerator.

-11-
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CLAIMS

1. A method for applying heat to a hydrocarbon formation comprising:

positioning a radio frequency applicator to radiate within the
hydrocarbon formation;

applying a first signal to the applicator sufficient to heat the
hydrocarbon formation through electric currents; and

applying a second signal to the applicator sufficient to heat the
hydrocarbon formation through at least one of electric fields or

magnetic fields.

2. The method of claim 1, wherein the second signal is sufficient to heat the

hydrocarbon formation through electric fields.

3. The method of claim 1, wherein the second signal is sufficient to heat the

hydrocarbon formation through magnetic fields.

4. The method of claim 1, comprising forming the radio frequency applicator

from at least one pipe.

5. The method of claim 1, comprising positioning the radio frequency applicator

adjacent to a SAGD system.

6. The method of claim 1, further comprising injecting steam or dry gas into the

hydrocarbon formation.

7. The method of claim 6 including injecting the steam or dry gas in sequence

with applying said first signal and applying said second signal.

-12-
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8. The method of claim 6, wherein the steam or dry gas is injected

simultaneously with applying a first signal and applying a second signal.
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