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(57) Abrege(suite)/Abstract(continued):

In fluild communication with the injection well to recover hydrocarbons mobilized by the |ISC. The well pair includes: a generally
horizontal segment of a hydrocarbon production well, and a generally horizontal segment of a combustion gas production well. The
generally horizontal segment of the combustion gas production well iIs generally parallel to and spaced vertically above the
horizontal segment of the hydrocarbon production well. The segment of the oxidizing gas injection well Is spaced generally above
the segment of the hydrocarbon production well and generally above the segment of the combustion gas production well.
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Abstract

A process for hydrocarbon recovery from an oil sands deposit includes injecting an
oxidizing gas into an oil sands reservoir through an injection well. The oxidizing gas
supports in situ combustion (ISC) in the reservoir. A generally horizontal well pair is

- used that is in fluid communication with the injection well to recover hydrocarbons
mobilized by the ISC. The well pair includes: a generally horizontal segment of a
hydrocarbon production well, and a generally horizontal segment of a combustion gas
production well. The generally horizontal segment of the combustion gas production
well is generally parallel to and spaced vertically above the horizontal segment of the
hydrocarbon production well. The segment of the oxidizing gas injection well is spaced
generally above the segment of the hydrocarbon production well and generally above

the segment of the combustion gas production well.
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HYDROCARBON RECOVERY FACILITATED BY IN SITU COMBUSTION

Technical Field
[0001] The present invention relates to a thermal recovery process for recovering

viscous hydrocarbons such as heavy oils and bitumen from oil sands deposits that are

not susceptible to standard oil well production technologies.

Background

[0002] A variety of processes are used to recover viscous hydrocarbons, such as
heavy oils and bitumen, from oil sands deposits. Extensive deposits of viscous
hydrocarbons exist around the world, including large deposits in the Northern Alberta oil
sands, that are not susceptible to standard oil well production technologies. One
problem associated with producing hydrocarbons from such deposits is that the
hydrocarbons are too viscous to flow at commercially relevant rates at the temperatures
and pressures present in the reservoir.

[0003] In some cases, such deposits are mined using open-pit mining techniques
to extract hydrocarbon-bearing material for later processing to extract the hydrocarbons.
Alternatively, thermal techniques may be used to heat the oil sands reservoir to mobilize
the hydrocarbons and produce the heated, mobilized hydrocarbons from wells. One
such technique, utilizing a single horizontal well for injecting heated fluids and producing
hydrocarbons, is described in U.S. Patent No. 4,116,275, which also describes some of
the problems associated with the production of mobilized viscous hydrocarbons from
horizontal Wells.

[0004] One thermal method of recovering viscous hydrocarbons using two
vertically Spaced horizontal wells is known as steam-assisted gravity drainage (SAGD).
Various embodiments of the SAGD process are described in Canadian Patent No.
1,304,287 and corresponding U.S. Patent No. 4,344 ,485. In the SAGD process, steam
Is pumped through an upper, horizontal, injection well into a viscous hydrocarbon
reservoir while mobilized hydrocarbons are produced from a lower, parallel, horizontal,

production well that is vertically spaced and near the injection well. The injection and
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production wells are located close to the bottom of the hydrocarbon deposit to collect

the hydrocarbons that flow toward the bottom.

[0005] The SAGD process is believed to work as follows. The injected steam
initially mobilizes the hydrocarbons to create a steam chamber in the reservoir around
and above the horizontal injection well. The term “steam chamber” is utilized to refer to
the volume of the reservoir that is saturated with injected steam and from which
mobilized oil has at least partially drained. As the steam chamber expands upwardly
and laterally from the injection well, viscous hydrocarbons in the reservoir are heated
and mobilized, In particular, at the margins of the steam chamber where the steam
condenses and heats the viscous hydrocarbons by thermal conduction. The mobilized
hydrocarbons and aqueous condensate drain, under the effects of gravity, toward the
bottom of the steam chamber, where the production well is located. The mobilized
hydrocarbons are collected and produced from the production well. The rate of steam
Injection and the rate of hydrocarbon production may be modulated to control the
growth of the steam chamber and ensure that the production well remains located at the
bottom of the steam chamber in an appropriate position to collect mobilized

hydrocarbons.

[0006] In Situ Combustion (ISC) may be utilized to recover hydrocarbons from
underground oil sands reservoirs. ISC includes the injection of an oxidizing gas into the
porous rock of a hydrocarbon-containing reservoir to ignite and support combustion of
the hydrocarbons around the wellbore. ISC may be initiated using an artificial igniter
such as a downhole heater or by pre-conditioning the formation around the wellbores
and promoting spontaneous ignition. The ISC process, also known as fire flooding or
fireflood, is sustained and the ISC fire front moves due to the continuous injection of the
oxidizing gas. The heat generated by burning the heavy hydrocarbons in place

produces hydrocarbon cracking, vaporization of light hydrocarbons and reservoir water
In addition to the deposition of heavier hydrocarbons known as coke. As the fire moves.
the burning front pushes a mixture of hot combustion gases, steam, and hot water.
which in turn reduces oil viscosity and the oil moves toward the production well.

Additionally, the light hydrocarbons and the steam move ahead of the burning front,
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condensing into liquids, facilitating miscible displacement and hot waterflooding, which
contribute to the recovery of hydrocarbons. |

[0007] Canadian Patent 2,096,034 to Kisman et al. and US Patent 5,211,230 to
Ostapovich et al. disclose in-situ combustion for the recovery of hydrocarbons from
underground reservoirs. The disclosed processes include gravity drainage to a basal
horizontal well in a combustion process. A horizontal production well is located in the
lower portion of the reservoir. A vertical injection and one or more vertical vent wells are
provided in the upper portion of the reservoir. Oxygen-enriched gas is injected down the
injector well and ignited in the upper portion of the reservoir to create a combustion
zone that reduces viscosity of oil in the reservoir as the combustion zone advances
downwardly toward the horizontal production well. The reduced-viscosity oil drains into
the horizontal production well under the force of gravity.

[0008] Canadian Patent 2,678,347 to Bailey discloses a pre-ignition heat cycle
(PIHC) using cyclic steam injection and steam flood methods that improve the recovery
of viscous hydrocarbons from a subterranean reservoir using an overhead in-situ
combustion process, referred to as combustion overhead gravity drainage (COGD). The
PIHC is utilized to precondition the reservoir by developing a combustion chamber.
Bailey discloses a method where the reservoir well network includes one or more
injection wells and one or more vent wells located in the top portion of the reservoir, and
where the horizontal drain is located in the bottom portion of the reservoir.

[0009] The use of ISC as a follow up process to SAGD is disclosed in Canadian
Patent 2,594,414 to Chhina et al. The disclosed hydrocarbon recovery processes may
be utilized in oil sands reservoirs. Chhina discloses a process where a former steam
Injection well, used during the preceding SAGD recovery process, is used as an
oxidizing gas injection well and where another former steam injection well, adjacent to
the oxidizing gas injection well, is converted into a combustion gas production well. This
results in the horizontal hydrocarbon production well being located below the horizontal

oxidizing gas injection well and at least one combustion gas production well being
spaced from the injection well by a distance that is greater than the spacing between
hydrocarbon production well and the oxidizing gas injection well.  Since the process

disclosed by Chhina uses at least two wells pairs, ISC is initiated after the production
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well is sufficiently depleted of hydrocarbons to establish communication between the

two well pairs.
[0010] Improvements in the recovery of viscous hydrocarbons, such as heavy oils

and bitumen, from oil sands deposits are desirable.

Summary

[0011] According to an aspect of an embodiment, a process for hydrocarbon
recovery from an oil sands deposit is provided. The process includes injecting an
oxidizing gas into an oil sands reservoir through an oxidizing gas injection well that
Includes an oxidizing gas injection segment. The oxidizing gas supports in situ
combustion in the reservoir. The process also includes utilizing a generally horizontal
well pair that is in fluid communication with the oxidizing gas injection well to recover
hydrocarbons mobilized by the in situ combustion. The generally horizontal well pair
Includes a generally horizontal segment of a hydrocarbon production well, and a
generally horizontal segment of combustion gas production well. The generally
horizontal well pair is utilized by producing combustion gases through the combustion
gas production well, and recovering the mobilized hydrocarbons from the reservoir
through the hydrocarbon production well. The generally horizontal segment of the
combustion gas production well is generally parallel to and spaced generally vertically
above the horizontal segment of the hydrocarbon production well, and the injection
segment of the oxidizing gas injection well is spaced generally above from the segment
of the hydrocarbon production well and generally above the segment of the combustion

gas production well.

Brief Description of the Drawings

[0012] Embodiments of the present invention will be described, by way of
example, with reference to the drawings and to the following description, in which:
[0013] F1G. 1 is a sectional view through a reservoir, illustrating a SAGD well pair

and oxidizing gas injection well utilized for ISC in accordance with an embodiment:
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[0014] FI1G. 2 Is a sectional view through a reservoir, illustrating a plurality of

SAGD well pairs and oxidizing gas injection wells utilized for ISC in accordance with an

embodiment;
[0015] FIG. 3 is a section view through a reservoir, illustrating three SAGD well

pairs and two oxidizing gas injection wells utilized for ISC in accordance with an

embodiment;

[0016] FIG. 4 Is a sectional view through the reservoir illustrated in FIG. 3, which
shows the temperature after 2.5 years of SAGD;
[0017] FIG.s 5A and 5B are sectional views through the reservoir illustrated in

FIG. 3, which show the temperature and the oil saturation at a specific time during the

modeled process;

[0018] FIG.s 6A and 6B are sectional views through the reservoir illustrated in
F1G. 3, which show the temperature and the oil saturation at a specific time during the

modeled process;
[0019] FIG.s 7A and 7B are sectional views through the reservoir illustrated in

FIG. 3, which show the temperature and the oil saturation at a specific time during the

modeled process;

[0020] FIG.s 8A and 8B are sectional views through the reservoir illustrated in
FIG. 3, which show the temperature and the oil saturation at a specific time during the

modeled process;
[0021] FIG.s 9A and 9B are sectional views through the reservoir illustrated in

FIG. 3, which show the temperature and the oil saturation at a specific time during the

modeled process;
[0022] FIG.s 10A and 10B are sectional views through the reservoir illustrated in

FIG. 3, which show the temperature and the oil saturation at a specific time during the

modeled process;

[0023] FIG. 11 is a sectional view through the reservoir illustrated in FIG. 3, which
shows the gas mole fraction of oxygen after in situ combustion:
[0024] FIG. 12 is a graph showing the cumulative energy injected and produced

over time during the modeled process;
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[0025] FIG. 13 is a graph showing the average temperature inside the modeled
oll sands reservoir over time during the modeled process;

[0026] FI1G. 14 is a graph showing the steam to oil ratio over time during the
modeled process;

[0027] FIG. 15 is a graph showing the percentage of oil recovered from the
reservorr;

[0028] FIG. 16 is a sectional view through the reservoir illustrated in FIG. 3, which

shows the temperature after 3 years of SAGD;

[0029] FIG.s 17A and 17B are sectional views through the reservoir illustrated in

FIG. 3, which show the temperature and the oil saturation at a specific time during the

modeled process;
[0030] FIG.s 18A and 18B are sectional views through the reservoir illustrated in

FIG. 3, which show the temperature and the oil saturation at a specific time during the

modeled process;

[0031] FIG.s 19A and 19B are sectional views through the reservoir illustrated in
FIG. 3, which show the temperature and the oil saturation at a specific time during the
modeled process;

[0032] FIG.s 20A and 20B are sectional views through the'reservoir illustrated in

FIG. 3, which show the temperature and the oil saturation at a specific time during the

modeled process;

[0033] FIG.s 21A and 21B are sectional views through the reservoir illustrated in
FIG. 3, which show the temperature and the oil saturation at a specific time during the

modeled process;
[0034] FIG.s 22A and 22B are sectional views through the reservoir illustrated in

FIG. 3, which show the temperature and the oil saturation at a specific time during the

modeled process;

[0035] FIG. 23 is a is a graph showing the cumulative oil and gas production:
[0036] FIG. 24 is a graph showing the cumulative gas production in the former
SAGD producer well and in the former steam injector well:

[0037] FIG. 25 is a graph showing the percentage of oil recovered from the

reservoir.
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Detailed Description

[0038] For simplicity and clarity of illustration, reference numerals may be
repeated among the figures to indicate corresponding or analogous elements.
Numerous details are set forth to provide an understanding of the examples described
herein. The examples may be practiced without these details. In other instances, well-
known methods, procedures, and components are not described in detail to avoid
obscuring the examples described. The description is not to be considered as limited to
the scope of the examples described herein.

[0039] Heavy oil recovery techniques, such as SAGD, create mobile zone
chambers. in an oil sands reservoir, from which at least some of the original oil-in-place
has been recovered. Steam injection methods such as cyclic-steam stimulation (CSS)
and steam assisted gravity drainage (SAGD) are, to date, the most successful in situ
heavy oil and bitumen recovery methods. However, continued improvements and
reduction in steam to oil ratio (SOR) are desirable.

[0040] In situ combustion has been used in combination with steam-based
recovery to reduce the overall SOR. However, in viscous heavy oil reservoirs, such as
oll sands reservoirs, lack of sufficient fluid mobility inhibits the injection of the oxidizing
gas Into the reservoir at sufficiently high rate to create the conditions for ignition and
propagation of a combustion front.

[0041] The disclosure generally relates to a process for hydrocarbon recovery
from an oil sands deposit. The process includes injecting an oxidizing gas into an ol|
sands reservoir through an oxidizing gas injection well that includes an oxidizing gas
injection segment. The oxidizing gas supports in situ combustion in the reservoir. The
process also includes utilizing a generally horizontal well pair that is in fluid
communication with the oxidizing gas injection well to recover hydrocarbons mobilized
by the in situ combustion. It is necessary to have fluid communication between the
oxidizing gas injection well and the production well to allow ignition and propagation of
the combustion front. The generally horizontal well pair includes a generally horizontal
segment of a hydrocarbon production well, and a generally horizontal segment of

combustion gas production well. The generally horizontal well pair is utilized by
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producing combustion gases through the combustion gas production well, and
recovering the mobilized hydrocarbons from the reservoir throug}l the hydrocarbon
production well. The generally horizontal segment of the combustion gas production
well is generally parallel to and spaced generally vertically above the horizontal
segment of the hydrocarbon production well, and the injection segment of the oxidizing
gas Injection well is spaced generally above from the segment of the hydrocarbon
production well and generally above the segment of the combustion gas production
well.

[0042] The oxidizing gas injection well may be a generally horizontal well, a
generally vertical well, or a generally inclined well. The oxidizing gas injection well may
have a combination of different segments which are independently generally vertical,
generally inclined, or generally horizontal. The oxidizing gas injection well preferably
injects the oxidizing gas along the length of the generally horizontal well pair used for
hydrocarbon production and combustion gas production. This may be accomplished, for
example, by using a generally horizontal oxidizing gas injection well that is parallel to
one or both of the generally horizontal well pair used for hydrocarbon production and
combustion gas production; or by using a plurality of vertical oxidizing gas injection
wells aligned along the length of the generally horizontal well pair used for hydrocarbon
production and combustion gas production.

[0043] The hydrocarbon production well and the combustion gas production well
may be from a former oil sands production well pair, where a former mobility enhancing
well is used as the combustion gas production well. The term “mobility enhancing well”

would be understood to refer to a well which is used to provide a mobility enhancer,

such as heat, solvent, or both, to promote the movement of the hydrocarbons toward
the production well. Examples of a mobility enhancer include: steam, hot water,
methane, hydrocarbon solvents, a heat source, or combinations thereof. Examples of
an oil sands production well pair include: a SAGD well pair, a cyclic-steam stimulation
well pair.

[0044] Exemplary processes according to the present disclosure may allow ISC
to be first initiated when the amount of recoverable hydrocarbons is greater than the

amount of recoverable hydrocarbons available to a process where post-SAGD in situ
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combustion is used with at least two horizontally spaced SAGD well pairs and the post-
SAGD in situ combustion process is first’ Initiated only once the two well pairs are fluidly
connected, such as disclosed in Canadian Patent 2,594,414 to Chhina et al. That is,
when compared to the process disclosed by Chhina, exemplary processes according to
the present disclosure may reduce the overall steam to oil ratio required to recover the
hydrocarbons available in an oil sands deposit.

[0045] In one specific example according to the present disclosure, the process
uses: an oll sands reservoir that is preconditioned by a steam-assisted hydrocarbon
recovery process, such as SAGD, to establish a depleted steam chamber, and an
oxidizing gas injection well having an oxidizing gas injection segment that is at least in
part located in the depleted steam chamber. When the oxidizing gas injection segment
IS located at least in part in the depleted steam chamber, the oxidizing gas injection well
Is in fluid communication with the steam-assisted hydrocarbon recovery well pair. In the
specific example, the oxidizing gas injection well is generally horizontal and the
segment of the oxidizing gas injection well near a top of the reservoir is spaced
generally above the hydrocarbon production well and the former steam injection well
that is used as the combustion gas production well.

[0046] In this example, prior to ISC, a steam-assisted hydrocarbon recovery
process, such as SAGD is performed in the hydrocarbon reservoir. A well pair, including
hydrocarbon production well and a steam injection well are utilized in the SAGD
process. One example of a well pair is illustrated in FIG. 1. The hydrocarbon production
well includes a generally horizontal segment 10 that extends near the base or bottom 12
of the hydrocarbon reservoir 14. The steam injection well also includes a generally
horizontal segment 16 that is disposed generally parallel to and is spaced generally
vertically above the horizontal segment 10 of the hydrocarbon production well. The
generally horizontal segment 16 of the steam injection well may be, for example, about
2 1o 10 meters apart from the generally horizontal segment 10 of the hydrocarbon
production well. In the simulations discussed below, the two segments are 4 meters
apart.

[0047] During SAGD, steam is injected into the steam injection well to mobilize

the hydrocarbons and create a steam chamber in the reservoir, around and above the

.9 -



CA 02852542 2014-05-16

BLG Ref No. PAT 102391-1

generally horizontal segment 16. In addition to steam injection into the steam injection
well, light hydro’carbons, such as C3 through C10 alkanes, may optionally be injected
with the steam. The volume of light hydrocarbons that are injected is relatively small
compared to the volume of steam injected. The addition of light hydrocarbons is referred
to as a solvent-assisted process (SAP). The SAGD or SAP processes may also be
augmented or enhanced by inclusion of other substances, such as non-condensing
gases and surfactants. Viscous hydrocarbons in the reservoir are heated and mobilized
and the mobilized hydrocarbons drain, under the effects of gravity. The mobilized
hydrocarbons are collected in the horizontal segment 10 and produced from the
hydrocarbon production wel.l.

[0048] In addition to the well pairs that are utilized in the SAGD process, an
oxidizing gas injection well is preferably located such that an oxidizing gas injection
segment is located near a top of the reservoir. The oxidizing gas injection well
preferably extends generally horizontally near a top of the reservoir, as illustrated in
FIG. 1. For example, the segment 18 may extend less than 10 meters below the top of
the réservoir, or reservoir overburden. The generally horizontal segment 18 of the
oxidizing gas injection well is generally above the generally horizontal segment 10 of the
hydrocarbon production well and generally above the generally horizontal segment 16
of the steam injection well. The vertical distance between the generally horizontal
segment 18 of the oxidizing gas injection well and the generally horizontal segment 16
of the steam injection well is greater than the vertical spacing between the generally
horizontal segment 16 of the steam injection well and the generally horizontal segment

10 of the hydrocarbon production.
[0049] As lllustrated in FIG.s 1 and 2, the generally horizontal segment 18 is

located such that the segment 18 extends generally parallel to and directly vertically

above the generally horizontal segments 16 of steam injection well. However, it should
be understood that the generally horizontal segment 18 may be located such that the
segment 18 is generally vertically above, but does not extend directly above, the
generally horizontal segments 16 of steam injection well . For example, an oxidizing gas
i.njection well may be disposed generally vertically above and between two SAGD well

pairs, reducing the number of oxidizing gas injection wells utilized. It would be
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understood that an oxidizing gas injection well could provide oxidizing gas to mobilize
hydrocarbons that are produced through more than one hydrocarbon production well.

" [0050] It would be understood that an oxidizing' gas injection well being disposed
“generally vertically above” or "generally above” a steam injection well refers to the
injection segment of an oxidizing gas injection well being less than 75° from a vertical
line extending through the steam injection well. In particular embodiments, the injection
segment of an oxidizing gas injection well is less than about 60° from the vertical line. In
preferred embodiments, the injection segment of an oxidizing gas injection well is less
than about 45° from the vertical line. The terms “directly vertically above” and “directly
above” refer to embodiments where the injection segment of an oxidizing gas injection
well is less than about 5° from a vertical line extending through the steam injection well.
The terms would similarly denote the spatial relationship of any other two wells.

[0051] A plurality of well pairs may be utilized at spaced-apart locations in the
reservoir and a corresponding plurality of oxidizing gas injection wells may be utilized,
as shown in FIG. 2. In this example, three SAGD well pairs and three generally
horizontal segments 18 of oxidizing gas injection wells are utilized. The plurality of well
pairs may be spaced 40 to 150 meters apart. In the simulations discussed below, the
pair of SAGD well pairs are spaced 100 meters apart. FIG. 2 illustrates, therefore, three
generally horizontal segments 10 of hydrocarbon production wells, three generally
horizontal segments 16 of steam injection wells, and three generally horizontal
segments 18 of oxidizing gas injection wells, where the segments 18 extend generally
parallel to and directly vertically above the generally horizontal segments 16 of the
steam Injection wells. HoweVer, it should be understood it is not necessary to match the
number of oxidizing gas injection wells to the number of steam injections wells. For
example, two generally horizontal segments of oxidizing gas injection wells may be
disposed generally above and between three SAGD well pairs.

[0052] It is preferable to drill the oxidizing gas injection well prior to the steam
chamber reaching the oxidizing gas injection well in order to avoid drilling through high
temperature, high pressure reservoir. For example, the oxidizing gas injection well may
be drilled when the SAGD well pair is drilled, after drilling the SAGD well pair, or prior to

drilling the SAGD well pair. If the oxidizing gas injection well is to be positioned directly
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above the SAGD well pair, it is preferable to drill the oxidizing gas injection well before
or when the SAGD well pair is drilled. If the oxidizing gas injection well is to be
positioned between two SAGD well pairs so that it is laterally offset, the oxidizing gas
Injection well may be drilled before, during or after the SAGD well pair is drilled.

[0053] According to the present embodiment, SAGD is performed for a period of
time until the steam injected through the steam injection well reaches the oxidizing gas
Injection well. Depending on where the oxidizing gas injection well is drilled, SAGD may
be performed until the injected steam reaches or is near the top of the reservoir.
Sensors such as pressure and temperature sensors located in the steam injection well,
in the hydrocarbon production well, in the oxidizing gas injection well, or any
combination thereof, may be utilized to detect that the steam injected is at or near the
top of the reservoir. Alternatively or additionally, observation wells drilled into the
reservoir may be utilized to determine that the steam injected is at or near the top of the
reservoir. Steam front monitoring may also be utilized to determine that the steam
Injected Is at or near the top of the reservoir.

[0054] Prior to ignition to start ISC in the oxidizing gas injection well, steam may
be injected into the oxidizing as injection wellbore to remove liquid hydrocarbons
surrounding the wellbore. This injected steam raises the temperature of part of the
reservoir, for example, to about 150°C. Alternatively, a volatile oil mixture may be added
to the formation and then displaced by steam injection followed by injection of a non-
condensing gas, for example nitrogen. For example, steam may be injected for about
one day, followed by nitrogen injection for about one day. The steam, or steam and
subsequent nitrogen, is used to reduce the amount of combustible materials from the
Immediate vicinity of the oxidizing gas injection wellbore and thereby reduce high
temperature exposure and consequent damage to the steel.

[0055] ISC Is then carried out by injecting an oxidizing gas through the oxidizing
gas Injection well. The oxidizing gas may be injected continuously for continuous
combustion. Combustion may be initiated utilizing an artificial igniter, such as a
downhole heater, or by using spontaneous ignition. The oxidizing gas that is injected
may be, for example, air, enricheq air, diluted air, or any other suitable gas including

oxygen. The in situ combustion may be managed to mobilize hydrocarbons in the heavy
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oil by controlling: the rate, the pressure, or both of oxidizing gas injected through the

oxidizing gas injection well; the rate, the pressure, or both of production of combustion
gases from the former steam injection well; the rate, the pressure, or both of
hydrocarbon production from the hydrocarbon production well; or any combination
thereof.

[0056] Optionally, water may be injected with the oxidizing gas, resulting in a wet
combustion process. This may facilitate the flow of heated hydrocarbons to the
hydrocarbon production well as the generated steam promotes heat transfer in the oil
sands reservoirr. |

[0057] As the oxidizing gas is injected through the oxidizing gas injection well and
Into the reservoir, the resulting combustion gases are produced from the former steam
injection well, now the combustion gas production well, as the combustion gases are
driven into the generally horizontal segment 16 of the steam injection well. The
hydrocarbons that are mobilized as a result of the combustion process drain to the
generally horizontal segment 10 and are recovered through the hydrocarbon production
well. Thus, the steam injection well and the hydrocarbon production well utilized in the
SAGD process are utilized in the ISC process to collect the combustion gases and to
produce the mobilized hydrocarbons, respectively. Advantageously, the SAGD well pair
IS re-utilized and further combustion gas production wells or further hydrocarbon
production wells, beyond the well pair or well pairs utilized for SAGD and any wells,
such as infill producers, which may have been added as concurrent supplements to the
SAGD process, are not required for the ISC.

[0058] Because the steam injection well, which is utilized for gas production, is
located generally below the oxidizing gas injection well, fluid communication between
the oxidizing gas injection segment of the oxidizing gas injection well and the generally
horizontal segment 16 of the steam injection well is established earlier in the SAGD
process than fluid communication is established between steam injection and oxidizing
gas Injection wells in processes where the steam injection well is laterally spaced from
or above the oxidizing gas injection segment of the oxidizing gas injection well. This is
because steam preferentially rises to heat the upper part of the reservoir, creating a

steam chamber that forms more quickly in an upwardly direction and results in fluid
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communication with an oxidizing gas injection well that is above the steam injection
well, when compared to a steam injection well that is Iaterall'y spaced from or that is
above the oxidizing gas injection segment.

[0059] A benefit to positioning the combustion gas production well generally
below the oxidation gas injection well, and utilizing a combustion gas production well
that is separate from a hydrocarbon production well, is that the hydrocarbons that are
produced are separated from the combustion gases downhole, thereby reducing the
chance of oxidizing gas and combustion gases communicating with the hydrocarbon
production well. That is, it reduces the chance that oxidizing gases, combustion gases,
or both will escape via the hydrocarbon production well. This reduction may result in the
combustion front being more easily controlled. This reduction may additionally reduce
high volumes of combustion gases flowing into the hydrocarbon production well, which
could restrict the flow of hydrocarbons into the hydrocarbon production well. Corrosion
of metals, such as well tubes, and other well apparatus, may be mitigated and surface
facilities design may be facilitated as the gases and hydrocarbons are substantially
separated downhole.

[0060] The ISC that is carried out, referred to as top-down in-situ combustion,
takes advantage of gravity segregation between the oxidizing gas and the liquids,
including the hydrocarbons. By virtue of the density difference between gases and
liquids, the liquids, including the hydrocarbons, tend to accumulate in the lower portion
of the chamber, inhibiting fingering of the oxidizing gas into the hydrocarbon production
wells. The oxidizing gas is generally consumed at the combustion front. Thus, travel of
oxidizing gas ahead of the combustion front, into a colder region of the chamber, is
Inhibited. This is beneficial as travel of oxidizing gas ahead of the combustion front may
iInduce low temperature oxidation reactions and cause blocking problems in the
reservoir. A “blocking problem” would be understood to refer to non-mobile oil blocking
the movement of oxidizing gases to the combustion front.

[0061] Although the above example discusses a steam-assisted hydrocarbon
recovery process, and specifically SAGD, being carried out before ISC, it should be
understood that mobility enhancing processes other than steam-assisted recovery may

be used. For example, hot water, methane, hydrocarbon solvents, a heat source, or
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combinations thereof may alternatively be used to establish fluid communication

between the oxidizing gas injection well and the hydrocarbon recovery well pair.

Examples

[0062] A computer simulation was run to model an oil sands recovery process
where three SAGD well pairs and two oxidizing gas injection wells were used to recover
hydrocarbons. In the simulation, the two oxidizing gas injection wells were located
directly vertically above the first and the third SAGD well pairs. The configuration is
illustrated in FIG. 3, which illustrates oxidizing gas injection wells 18 and SAGD well
pairs 10 and 16. The dashed lines-indicate the left and right boundaries of the modeled
system. The illustrated modeled system shows the oxidizing gas injection well being in
fluid communication with the SAGD well pair that is below the oxidizing gas injection
well, but not in fluid communication with any of the other SAGD well pairs.

[0063] The modeled system included 635.85 m® of Original Qil in Place (OOIP)
and day 0 was arbitrary set to be January 1, 2000. Steam assisted gravity drainage was
modeled as running until day 915 (2.5 years, July 4, 2002), where the process resulted
in:

Cumulative heat loss to adjacent formations: 2.30e8 kJ
Cumulative energy injected: 1.59e9 kJ

Cumulative energy produced: 7.34e9 kJ

Energy accumulated in the reservoir: 6.24e9 kJ
Cumulative Produced water: 590.874 m>

Cumulative Produced bitumen: 264.84 m’

Recovery Factor (RF): 41.65 %

[0064] In situ combustion was modeled with an average air injection rate of
173.48 m°/day and running until day 4565 (12.5 years, July 1, 2012), resulting in
cumulative air injection of 633,195 m>. To help improve hydrocarbon production in the
hydrocarbon production wells during air injection, the modeled system included a heater

In each of the three hydrocarbon production wells. This was done to overcome the
temperature decrease in the bitumen in areas surrounding the hydrocarbon production

wells.
[0065] The equivalent to implementing a heater would be to have some steam

injection for a certain period of time followed by a soaking period and subsequent
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hydrocarbon production. The cumulative energy supplied by these heaters is 1.55e8 kJ.
which is about 2.9 times the energy supplied to the reservoir during SAGD start-up. The
modeled process resulted in:

Energy generated by combustion: 2.1e9 kJ

Cumulative energy supplied through heaters: 1.55e8 kJ
Cumulative heat loss to adjacent formations: 1.054e9 kJ
Cumulative energy injected: 1.61e9 kJ

Cumulative energy produced: 1.47e9 kJ

Energy accumulated in the reservoir: 1.29e9 kJ
Cumulative produced water: 766.96 m®

Cumulative produced bitumen: 378.06 m®

RF: 59.45 %

[0066] The process was further modeled until day 5843 (16 years, December 31,

20135), without air injection after day 4565. The modeled process resulted in:

Cumulative heat loss to adjacent formations: 1.319e9 kJ

Cumulative energy injected: 1.61e9 kJ

Cumulative energy produced: 1.51e9 kJ

Energy accumulated in the reservoir: 1.09e9 kJ

Cumulative produced water: 769.94 m°

Cumulative produced bitumen: 477.26 m®

RF:75.05 %
[0067] FIG 4 illustrates the temperature at day 914. FIGs 5-10 illustrate (A) the
temperature and (B) the oil saturation at progressively later times during the simulation
(December 31, 2002; January, 24, 2005; July 31, 2008; December 31, 2009; July 1,
20012; and December 31, 2015, respectively).
[0068] FIG. 11 illustrates gas mole fraction of oxygen in the simulation model at
the end of the in situ combustion process. The figure illustrates how the air
Injection is controlled to reduce contact with the hydrocarbon producing wells, reducing
the risk of explosions in the well.
[0069] FIG. 12 is a graph showing the cumulative energy injected and produced
over time during the modeled process. The top line is the cumulative enthalpy injected,
the second line is the cumulative energy produced, the third line is the enthalpy in place,
and the bottom line is the cumulative net heater energy. FIG. 13 is a graph showing the
average temperature Inside the modeled oil sands reservoir over time during the

modeled process. FIG. 14 is a graph showing the steam to oil ratio over time during the

-16 -



CA 02852542 2014-05-16

BLG Ref No. PAT 102391-1

modeled process. FIG. 15 is a graph showing the percent of the oil recovered from the

reservolir

[0070] A second computer simulation was run to model an oil sands recovery
process where three SAGD well pairs and two oxidizing gas injection wells were used to
recover hydrocarbons. In this simulation, the two oxidizing gas injection wells were
located directly vertically above the first and the third SAGD well pairs. The
configuration is illustrated in FIG. 3, which illustrates oxidizing gas injection wells 18 and
SAGD well pairs 10 and 16. The dashed lines indicate the left and right boundaries of
the modeled system. The illustrated modeled system shows the oxidizing gas injection
well being in fluid communication with the SAGD well pair that is below the oxidizing gas
injection well, but not in fluid communication with any of the other SAGD well pairs.
[0071] The modeled system included 635.85 m*° of Original Qil in Place (OOIP)
~and day 0 was arbitrary set to be January 1, 2000. Steam assisted gravity drainage was
modeied as running until day 1252 (3.4 years), where the process resulted in:

Cumulative heat loss to adjacent formations: 3.96e8 kJ

Cumulative energy injected: 2.17e9 kJ

Cumulative energy produced: 9.63e9 kJ

Energy accumulated in the reservoir: 8.11e9 kJ

Cumulative Produced water: 812.15 m®

Cumulative Produced bitumen: 347.94 m°

Recovery Factor (RF): 54.7 %
[0072] In situ combustion was modeled with an average air injection rate of
175.85.48 m3/day and running until day 4352 (11.9 years), resulting in cumulative air

injection of 545,140 m>. To help improve hydrocarbon production in the hydrocarbon

production wells during air injection, the modeled system included a heater in each of
the three hydrocarbon production wells. This was done to overcome the temperature
decrease in the bitumen in areas surrounding the hydrocarbon production wells.

[0073] The equivalent to implementing a heater would be to have some steam
injection for a certain period of time followed by a soaking period and subsequent
hydrocarbon production. The cumulative energy supplied by these heaters is 1.19e8 kJ,
which is about 2 times the energy supplied to the reservoir during SAGD start-up. The
modeled process resulted in:

Energy generated by combustion: 2.008e9 kJ
217 -
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Cumulative energy supplied through heaters: 1.19e8 kJ
Cumulative heat loss to adjacent formations: 1.185e9 kJ
Cumulative energy injected: 2.19e9 kJ

Cumulative energy produced: 1.62e9 kJ

Energy accumulated in the reservoir: 1.35e9 kJ
Cumulative produced water: 995.5 m°

Cumulative produced bitumen: 458.45 m®

RF: 72.1 %
[0074] The process was further modeled until day 5113 (14 years), without air
injection after day 4352. The modeled process resulted in:

Cumulative heat loss to adjacent formations: 1.319e9 kJ
Cumulative energy injected: 2.19e9 kJ

Cumulative energy produced: 1.62e9 kJ
Energy accumulated in the reservoir: 1.35e9 kJ

Cumulative produced water: 996.64 m®

Cumulative produced bitumen: 503.67 m°

RF: 79.02 %
[0075] FIG. 16 illustrates the temperature at day 1095 (December 31, 2002).
FIGs 17-22 illustrate (A) the temperature and (B) the oil saturation at progressively later
times during the simulation (December 31, 2002; January, 24, 2005; July 31, 2008:
December 31, 2009; July 1, 20012; and December 31, 2013, respectively).
[0076] FIG. 23 is a graph illustrating cumulative oil and gas production.
[0077] FIG. 24 is a graph showing the cumulative gas production in the former
SAGD producer well and in the former steam injector well. This figure illustrates that the
gas Is being produced from the former steam injection well during the in situ combustion

process and is not being substantially produced from the former SAGD producer well.

That is, the former steam injection well has been converted into a combustion gas

venting well. |

[0078] FIG. 25 is a graph showing the percent of the oil recovered from the
reservoir. '

[00791 The described embodiments are to be considered in all respects only as

llustrative and not restrictive. The scope of the claims should not be limited by the
preterred embodiments set forth in the examples, but should be given the broadest
interpretation consistent with the description as a whole. All changes that come with

meaning and range of equivalency of the claims are to be embraced within their scope.
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CLAIMS

1. A process for hydrocarbon recovery from an o1l sands reservoir comprising:

performing a steam assisted gravity drainage operation by:

Injecting steam in a steam injection well of a steam assisted gravity drainage well pair
and continuing to inject steam to establish fluid communication between the steam injection well
and an oxidizing gas injection well that includes an oxidizing gas injection well segment that i1s
spaced generally above the steam 1njection well segment;

producing hydrocarbons from a hydrocarbon production well of the steam assisted
gravity drainage well pair, the hydrocarbon production well including a generally horizontal
production well segment disposed generally parallel to and vertically below a generally
horizontal steam injection well segment of the steam injection well such that the steam injection
well segment 1s disposed generally vertically between the production well segment and the
oxidizing gas injection well segment;

in response to determining that the steam injected in the steam injection well reaches the
oxidizing gas injection well or is near a top of the oil sands reservoir, discontinuing performing
steam assisted gravity drainage;

injecting an oxidizing gas into the o1l sands reservoir through the oxidizing gas injection
well, the oxidizing gas supporting in situ combustion in the reservoir; and

utilizing the steam assisted gravity drainage well pair to recover hydrocarbons mobilized
by the in situ combustion, by:

producing combustion gases through steam injection well of the steam assisted gravity
drainage well pair; and

recovering the mobilized hydrocarbons from the reservoir through the hydrocarbon

production well of the steam assisted gravity drainage well pair.

2. The process according to claim 1, wherein the oxidizing gas injection well
segment of the oxidizing gas injection well 1s disposed at an angle that 1s less than 75° from a
vertical line extending through the hydrocarbon production well and at an angle that is less than

75° from a vertical line extending through the steam injection well.

-19 -
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3. The process according to claim 1, wherein the oxidizing gas injection well
segment of the oxidizing gas injection well 1s disposed at an angle that is less than 60° from a
vertical line extending through the hydrocarbon production and at an angle that is less than 60°

from a vertical line extending through the steam injection well.

4, The process according to claim 1, wherein the oxidizing gas injection well
segment of the oxidizing gas injection well 1s disposed at an angle that 1s less than 45° from a
vertical line extending through the hydrocarbon production well and at an angle that is less than

45° from a vertical line extending through the steam injection well.

5. The process according to claim 1, wherein the oxidizing gas injection well
segment of the oxidizing gas injection well is disposed directly vertically above and parallel with
the generally horizontal hydrocarbon production well segment of the hydrocarbon production
well and directly vertically above the generally horizontal steam injection well segment of the

steam injection well.

6. The process according to claim 5, wherein the oxidizing gas injection well
segment of the oxidizing gas injection well is disposed at an angle that 1s less than 5° from a
vertical line extending through the hydrocarbon production well and at an angle that 1s less than

5° from a vertical line extending through the steam 1njection well.

7. The process according to claim 1, wherein the oxidizing gas injection well
segment 1s generally horizontal and extends generally parallel to the generally horizontal
hydrocarbon production well segment of the hydrocarbon production well and the generally

horizontal steam injection well segment of the steam injection well.

8. The process according to any one of claims 1 to 7, wherein the vertical distance
between the oxidizing gas injection well segment and the generally horizontal segment of the
combustion gas production well 1s greater than the vertical spacing between the generally
horizontal steam injection well segment of the steam injection well and the generally horizontal

hydrocarbon production well segment of the hydrocarbon production well.

_ 20 -



CA 02852542 2016-12-08

0. The process according to any one of claims 1 to 8, wherein a steam chamber
provides fluid communication for the steam assisted gravity drainage well pair and the oxidizing

gas 1njection segment.

10.  The process according to claim 9 wherein the steam chamber 1s a steam-assisted

gravity drainage-produced steam chamber.
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