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ABSTRACT

A method for recovering natural gas from a group of subterranean zones containing
natural gas, including injecting an amount of a displacing gas into a first subterranean zone,
producing a first produced gas from the first subterranean zone, collecting an amount of the first
produced gas wherein the quality of the collected first produced gas is higher than or equal to a
threshold production quality for the first produced gas, injecting an amount of the first produced
gas into a second subterranean zone wherein the quality of the injected first produced gas 1s higher
than or equal to a threshold injection quality for the first produced gas, producing a second
produced gas from the second subterranean zone, and collecting an amount of the second produced
gas wherein the quality of the collected second produced gas is higher than or equal to a threshold

production quality for the second produced gas.
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METHOD FOR RECOVERY OF NATURAL GAS FROM A
GROUP OF SUBTERRANEAN ZONES

TECHNICAL FIELD

A method for recovering natural gas from a group of subterranean zones containing

natural gas.
BACKGROUND OF THE INVENTION

A first category of natural gas reservoir is known as a depletion gas reservoir. A

second category of natural gas reservoir is known as a water drive reservoirr.

In a depletion gas reservoir, the pore volume which contains natural gas remains
constant over the duration of exploitation, so that the reservoir is “closed”. Recovery of natural
gas from the reservoir is therefore accompanied by a decrease in the static reservoir preésure, and
the extent of the ultimate recovery of natural gas from the reservoir depends upon the
abandonment pressure. In a depletion gas reservoir, the ultimate recovery of natural gas may be as
high as 70%-85% of the original gas in place (“OGIP”), and the extent of water production from

the reservoir is typically very little or is absent altogether.

In a water drive reservoir, the pore volume which contains natural gas decreases
over the duration of exploitation as natural gas i1s displaced by water. As a result, the reservoir
pressure at abandonment of a water drive reservoir may remain relatively high. The water drive
may be a lateral water drive or a bottom water drive. In the former case the water displaces the
natural gas laterally or horizontally. In the latter case the water displaces the natural gas vertically
upward. In both cases the water ultimately encroaches into production wells, usually 1n the lower
parts of the pay interval. Also in both cases, the volumetric sweep efficiency is relatively low and
the ultimate gas recovery is typically also relatively low (as low as 50%-65% of OGIP), due to the

relatively low sweep efficiency and due to trapping of natural gas in the water invaded zone.
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Enhanced recovery of natural gas from a depletion gas reservoir may be achieved by
introducing a displacing agent into the reservoir. The displacing agent takes up a portion of the
pore volume of the reservoir, which causes the natural gas to migrate within the reservoir and to
occupy a smaller portion of the pore volume of the reservoir. The displacing agent can thus be
used to drive the natural gas toward a production location and to pressurize the reservoir to a

pressure above the abandonment pressure.

Carbon dioxide is derived both from natural sources and from man-made sources
such as the burning of hydrocarbons and the carrying out of industrial processes. Carbon dioxide
is the most abundant of the so-called “greenhouse gases”. It is generally believed that greenhouse
gases may contribute to climate change and global warming. It has therefore become a significant

environmental goal to limit the extent of carbon dioxide emissions into the atmosphere.

One strategy for limiting carbon dioxide emissions is to store or sequester carbon
dioxide underground as an alternative to releasing it into the atmosphere. Carbon dioxide may be
stored or sequestered in depleted oil and/or gas reservoirs, and may provide an added benefit of

increasing the static reservoir pressure of the depleted reservoirs.

U.S. Patent No. 7,172,030 (Horner et al) describes processes involving the injection
into a subterranean reservoir of a waste gas stream containing nitrogen and carbon dioxide and in
some cases oxygen as primary components. The injection of the waste gas stream into the
reservoir may be performed for a variety of objectives. A first objective is the separation of carbon
dioxide from the waste gas and retention of the separated carbon dioxide in a water presence in the
reservoir. A second objective 1s increasing and/or maintaining the reservoir pressure to facilitate
production of natural gas from the reservoir. A third objective is providing enhanced production
of natural gas from the reservoir by displacement of natural gas towards one or more production
wells. A fourth objective is causing some of the carbon dioxide to come into contact with and be
dissolved in bitumen contained in the reservoir, thereby reducing the viscosity and improving the

flow capability of the bitumen.

The processes described in U.S. Patent No. 7,172,030 (Horner et al) are based upon

the physical properties of the constituents of the waste gas stream relative to each other and
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relative to the physical properties of methane as a principal component of natural gas. As one
example, the constituents of the waste gas stream are noted generally to have a relatively higher
specific gravity and viscosity than does methane, which results in the constituents of the waste gas
stream being advantageous agents for displacing or sweeping natural gas toward production wells.
As a second example, the very high water solubility of carbon dioxide relative to the other

constituents of the waste gas stream results in preferential dissolution of carbon dioxide in water

which i1s present 1n the reservoirr.

SUMMARY OF THE INVENTION

The present invention 1s a method for recovering natural gas from a group of
subterranean zones containing natural gas, in which a displacing gas is injected into a first
subterranean zone to initiate the method and in which produced gases are injected into one or more

subterranean zones in order to recover natural gas from such zones.

Due to the injection of gases into subterranean zones to recover natural gas
therefrom, the method of the invention may be characterized as an “enhanced gas recovery
method” or an “EGR method”. In some aspects, due to the injection of produced gases produced
from certain subterranean zones into one or more other subterranean zones, the method of the
invention may be characterized as a “cascading enhanced gas recovery method” or a “cascading
EGR method”, in which similar operations conducted in different subterranean zones are linked 1n

a cascading or chain-like manner.

In a first aspect, a displacing gas may be injected into a subterranean zone Zy to
inttiate the method, a produced gas Gy produced from the subterranean zone Zy may be injected
into a subterranean zone Zn+1, a produced gas G+ produced from the subterranean zone Zy+; may
be injected into a subterranean zone Zn+2, and so on. Alternatively, a displacing gas may be
Injected into a subterranean zone Zy to initiate the method, a produced gas Gy produced from the
subterranean zone Zn may be injected into one or more subterranean zones, a produced gas G+
produced from a subterranean zone Zn+; may be injected into one or more subterrancan zones, a

produced gas Gn+2 produced from the subterranean zone Zyn:, may be injected into one or more
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subterranean zones, and so on. In other words, a displacing gas is injected into a first subterranean

zone and one or more produced gases are injected into one or more subterranean zones.

In a second aspect, a displacing gas is injected into a first subterranean zone and a
first produced gas is produced from the first subterranean zone. The first produced gas may be
collected and/or may be injected into a second subterranean zone. A second produced gas may be
produced from the second subterranean zone. The second produced gas may be collected and/or

may be injected into a third subterranean zone, and so on.

The produced gases may be collected and/or 1njected into subterranean zones based
upon any criterion or criteria. Preferably the produced gases are collected and/or injected into

subterranean zones based upon the quality of the produced gases.

In a third aspect, the invention is a method for recovering natural gas from a group

of subterranean zones containing natural gas, the method comprising:

(a) injecting an amount of a displacing gas into a first subterranean zone at a first

injection location associated with the first subterranean zone;

(b) producing a first produced gas from the first subterranean zone at a first production
location associated with the first subterranean zone, wherein the first production
location is spaced from the first injection location, wherein the first produced gas
has a first produced gas quality, and wherein the first produced gas quality changes
over time following breakthrough of the first displacing gas at the first production

location;

(¢) collecting an amount of the first produced gas, wherein the first produced gas
quality of the collected first produced gas 1s higher than or equal to a threshold
production quality for the first produced gas;

(d) injecting an amount of the first produced gas into a second subterranean zone at a

second injection location associated with the second subterranean zone, wherein the

-4 -
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first produced gas quality of the injected first produced gas is higher than or equal
to a threshold injection quality for the first produced gas;

(e) producing a second produced gas from the second subterranean zone at a second
production location associated with the second subterrancan zone, wherein the
second production location is spaced from the second injection location, wherein
the second produced gas has a second produced gas quality, and wherein the second
produced gas quality changes over time following breakthrough of the second

displacing gas at the second production location; and

(f) collecting an amount of the second produced gas, wherein the second produced gas
quality of the collected second produced gas 1s higher than or equal to a threshold

production quality for the second produced gas.

The displacing gas may be comprised of any gas or combination of gases which is
suitable for use as a displacing agent for natural gas. The displacing gas may contain impurities
such as solid and/or liquid particles and may in some circumstances be comprised of one or more
supercritical fluids. The displacing gas may be naturally occurring or may be an engineered or

manufactured displacing agent.

In some embodiments the displacing gas is comprised of carbon dioxide so that an
amount of carbon dioxide may be sequestered in the first subterranean zone. In such embodiments
the displacing gas may consist essentially of carbon dioxide, or the displacing gas may be

comprised of carbon dioxide and one or more other gases.

For example, the displacing gas may be comprised of carbon dioxide and a
secondary displacing gas. The secondary displacing gas may be comprised of any gas or

combination of gases which is suitable for use as a displacing agent for natural gas.

As a first non-limiting example, the secondary displacing gas may be a hydrocarbon
gas including but not limited to methane, ethane, propane and butane, so that the displacing gas is

comprised of carbon dioxide and hydrocarbon gas. As a second non-limiting example, the
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secondary displacing gas may be nitrogen so that the displacing gas is comprised of carbon dioxide
and nitrogen.  As a third non-limiting example, the secondary displacing gas may be sulphur
dioxide so that the displacing gas is comprised of carbon dioxide and sulphur dioxide. As a fourth
non-limiting example, the secondary displacing gas may be a mixture of nitrogen and hydrocarbon
gas so that the displacing gas 1s comprised of carbon dioxide, nitrogen and hydrocarbon gas. As a
fifth non-hmiting example, the secondary displacing gas may be a mixture of nitrogen and sulphur

dioxide so that the displacing gas is comprised of carbon dioxide, nitrogen and sulphur dioxide.

Preferably the secondary displacing gas has a relatively lower solubility in water
than does carbon dioxide so that carbon dioxide may be preferentially dissolved in water which is
present in the first subterranean zone, thereby resulting in carbon dioxide sequestration in the first
subterranean zone as the secondary displacing gas displaces the natural gas in the first subterranean

Z0Nne.,

Preferably the secondary displacing gas is tolerated in at least some amount as a
constituent of marketable natural gas, particularly if the secondary displacing gas has a lower

solubility in water than does carbon dioxide.

Where the displacing gas 1s comprised of carbon dioxide and a secondary displacing
gas, the displacing gas may be further comprised of one or more other gases either as constituents

or impurities.

Other substances included in the displacing gas preferably either have a relatively
higher solubility in water than does carbon dioxide or are tolerated as a constituent of marketable
natural gas. For example, the displacing gas may contain hydrogen sulphide as an “other
substance”, which has a significantly higher solubility in water than does carbon dioxide and which
therefore will be more preferentially dissolved in water present in the first subterranean zone than

will carbon dioxide.

As one example of a displacing gas containing other substances, in some
embodiments the displacing gas may be an acid gas, which acid gas may contain carbon dioxide,

nitrogen, sulphur dioxide and hydrogen sulphide along with other substances.

-6 -
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As a second example of a displacing gas containing other substances, in some
embodiments the displacing gas may be a mixture of carbon dioxide and natural gas, wherein

natural gas contains hydrocarbon gases such as methane and other substances.

In other embodiments the displacing gas may be flue gas or may be comprised of

flue gas.

As used herein, “flue gas” is an untreated or treated exhaust gas resulting from the
combustion of a fuel. Although the composition of flue gas depends upon the fuel which is
burned, untreated flue gas typically comprises about 10%-15% carbon dioxide and about 0%-4%
oxygen, with the remaining portion comprising mostly nitrogen (1.e., greater than about 65%) with
traces of other substances such as non-oxidized hydrocarbons, water, sulphur dioxide, nitrous
oxide, nitrogen dioxide etc. Treated flue gas is flue gas which has been treated to remove certain

substances therefrom or to reduce the amount of one or more substances contained therein.

In some embodiments where the displacing gas is flue gas, the flue gas 1s a treated
flue gas which has been treated to reduce the amount of water and/or oxygen which is contained

therein.

As used herein, a “subterranean zone” is either a discrete reservoir or 1s a region of
a discrete reservoir. Discrete reservoirs may be offset from each other geographically or may be
comprised of different geologic formations overlying each other in a stacked configuration. As a
result, the invention may be used to recover natural gas from a group of discrete reservoirs, from a
group of regions of a single discrete reservoir, or from a group comprising discrete reservoirs and
regions of discrete reservoirs. A subterranean zone may also be comprised of a number of
“subzones” so that the method of the invention may effectively be performed in “parallel” in a

number of subzones which together comprise a single subterranean zone.

The invention is intended for use in recovering natural gas from subterranean zones

from which an amount of the original gas in place (“OGIP”’) has previously been removed.
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Where the invention is used to recover natural gas from a subterranean zone which
is in pressure communication with heavy oil or bitumen containing formations which may be
exploited using thermal recovery methods such as steam drive, in-situ combustion or steam
assisted gravity drainage (SAGD), preferably at least about 30% of the OGIP has previously been
removed from the subterranean zone. In other applications, the invention is preferably used to
recover natural gas from subterranean zones from which at least about 60% of the OGIP has

previously been removed.

The invention may be used to recover natural gas from a group of subterranean
zones consisting of any number of subterranean zones. In the most simple application of the
invention, the group of subterranean zones consists of a first subterranean zone and a second
subterranean zone. However, the group of subterranean zones may be further comprised of a third

subterranean zone, a fourth subterranean zone, etc.

For example, in the second aspect, the method may be further comprised of:

(g) injecting an amount of the second produced gas into a third subterranean zone at a
third injection location associated with the third subterranean zone, wherein the
second produced gas quality of the injected second produced gas is higher than or

equal to a threshold injection quality for the second produced gas;

(h) producing a third produced gas from the third subterranean zone at a third
production location associated with the third subterranean zone, wherein the third
production location is spaced from the third injection location, wherein the third
produced gas has a third produced gas quality, and wherein the third produced gas
quality changes over time following breakthrough of the third displacing gas at the

second production location; and

(1) collecting an amount of the third produced gas, wherein the third produced gas
quality of the collected third produced gas is higher than or equal to a threshold
production quality for the third produced gas.
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A produced gas produced from a subterranean zone has a produced gas quality. The
produced gas quality tends to change over time due to the introduction of the displacing agent

which is injected into the subterranean zone.

The produced gas quality may be an instantaneous quality of the produced gas
which 1s produced at a particular instant in time or the produced gas quality may be an average
quality of the produced gas which is produced over a particular interval of time. The interval of
time may be any suitable interval having regard to the quantity of the produced gas. For example,

the interval of time may in some applications be about one day.

A produced gas produced from a subterranean zone may be collected for use as
marketable natural gas product, and/or may be injected into a subterranean zone, and/or may be
otherwise disposed of. In some embodiments a produced gas or a portion thereof may be

combined with one or more other produced gases to provide a combined produced gas.

Although the determination of whether to collect the produced gas, inject the
produced gas or dispose of the produced gas may be based upon any criterion or criteria, the

determination is preferably made based at least in part upon the produced gas quality.

The determination of the produced gas quality and the determination of whether to
collect the produced gas, inject the produced gas or dispose of the produced gas may be made
based upon the state of the produced gas immediately upon its production, or may be based upon
the state of the produced gas following some treatment of the produced gas. In some embodiments

a produced gas may be treated following its production from a subterranean zone to remove water

and/or other substances theretrom.

In most embodiments, the threshold production quality of the produced gases is a
“higher” quality than the threshold injection quality of the produced gases. In other words, in most

embodiments, produced gas which 1s not of a suitably high quality for collection may be of a

suitably high quality for injection.
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The determinations of whether to collect, inject or dispose of the produced gases

may be managed in any suitable manner.

As a first example, the produced gases produced from the subterranean zones may
be kept separate from each other, in which case the produced gas quality 1s determined individually
for each produced gas produced from each subterranean zone. The threshold production quality
may be the same for each subterranean zone or the threshold production quality may vary amongst
subterranean zones. Similarly, the threshold injection quality may be the same for each

subterranean zone or the threshold injection quality may vary amongst subterranean zones.

In embodiments in which the produced gases are kept separate and in which the
threshold production quality is a higher quality than the threshold injection quality, the produced
gases may be collected if the produced gas quality 1s higher than or equal to the threshold
production quality, and the produced gases may be injected if the produced gas quality is lower

than the threshold production quality but higher than or equal to the threshold injection quality.

If the produced gas quality is lower than the threshold injection quality, the
produced gases may be disposed of in some other manner or production of the produced gases may
be terminated, such as by shutting in production wells associated with the subterrancan zone.
Furthermore, one or more other displacing agents may be injected into the subterranean zones 1f
additional amounts of displacing agent are needed to achieve the objectives of the method 1n the
subterranean zones. As a first non-limiting example, an amount of flue gas may be 1njected into
one or more subterranean zones when the produced gas quality is lower than the threshold
injection quality. As a second non-limiting example, an amount of air (limited due to the potential
hazard because of the oxygen contained therein) may be injected into one or more subterranean
zones when the produced gas quality is lower than the threshold injection quality. For safety
considerations, this injection of air may be followed by injection of an amount of an inert gas

(typically a small slug) into the subterranean zone or zones in order to complete or “wrap up” the

method of the invention.

- 10 -
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As a second example, some or all of the produced gases produced from two or more

subterranean zones may be combined to provide a combined produced gas having a combined

produced gas quality.

In embodiments in which the produced gases are combined and in which the
threshold production quality of the combined produced gas is a higher quality than the threshold
injection quality of the combined produced gas, the combined produced gas may be collected 1f the
combined produced gas quality of the combined produced gas is higher than or equal to threshold
production quality, and the combined produced gas may be injected if the combined produced gas
quality of the combined produced gas is lower than the threshold production quality but higher
than or equal to the threshold injection quality.

If the combined produced gas quality is lower than the threshold injection quality,
the combined produced gas may be disposed of in some other manner or production of one or more
of the produced gases may be terminated. Furthermore, one or more other displacing agents may
be injected into the subterranean zones if additional displacing agent is needed to achieve the
objectives of the method in the subterranean zones. As a first non-limiting example, an amount of
flue gas maybe be injected into one or more subterranean zones when the combined produced gas
quality is lower than the threshold injection quality. As a second non-limiting example, an amount
of air (limited due to the potential hazard because of the oxygen contained therein) may be 1njected
into one or more subterranean zones when the combined produced gas quality is lower than the
threshold injection quality. For safety considerations, this injection of air may be followed by
injection of an amount of an inert gas (typically a small slug) into the subterranean zone or zones

in order to complete or “wrap up” the method of the invention.

As a third example, different streams may be provided for the produced gases and
the produced gases may be directed to one or more of the different streams. In some embodiments,
the produced gases may be directed into a collection stream, an injection stream, a combination
stream and/or a disposal stream. All of a particular produced gas may be directed to a single
stream, or portions of the produced gas may be directed to different streams. The determinations

of which streams to direct the produced gases into may be made having regard to maximizing the
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amounts of collected produced gas, maximizing the amounts of injected produced gas, or having

regard to some other criterion or criteria.

The threshold production quality may be defined with reference to properties which
render the produced gas suitable for collection as a marketable natural gas product. Such
properties may relate to the composition of the produced gas, and may relate to minimum and/or
maximum amounts of substances which may be present in the produced gas in order for the

produced gas to be acceptable as a marketable product.

As used herein, a marketable natural gas product is a fluid meeting quality
specifications which make the fluid acceptable for transportation by pipeline either directly to
market or to a facility which will accept the flmid for further processing to prepare the fluid for

market, and which may also be described as a pipeline quality natural gas product.

The threshold production quality may also be defined with reference to properties
which facilitate optimization of the method having regard to the relative sizes of the subterranean
zones, the relative pressures of the subterranean zones, and the resulting requirements of the
subterranean zones with respect to the amounts of produced gas which should be made available
for injection into the subterranean zones. Depending upon the injection requirements of the
subterranean zones, the threshold production quality may be a higher quality or a lower quality
than that suggested by the quality requirements for a marketable natural gas product, 1n order to

provide a suitable amount of produced gas for injection into the subterranean zones.

The threshold production quality for each subterrancan zone 1s preferably defined
having regard to the composition of the gas which is injected into the subterranean zone, since
some or all of the substances which are included in the injected gas over time will eventually be
included in the produced gas. The threshold production quality is also preferably defined having

regard to the composition of the natural gas which is contained in the subterranean zones.

As a first example, if the displacing gas consists of carbon dioxide, the threshold

production quality of each produced gas and/or combined produced gas may be defined by a
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maximum allowable production amount of carbon dioxide which may be included in the produced

gas.

As a second example, if the displacing gas 1s comprised of carbon dioxide and a
secondary displacing gas which has a lower solubility in water than does carbon dioxide and which
1s not considered to be an impurity in natural gas (such as, for example methane and/or some other
hydrocarbon gas), the threshold production quality of each produced gas and/or combined
produced gas may be defined by a maximum allowable production amount of carbon dioxide

which may be included in the produced gas.

As a third example, if the displacing gas is comprised of carbon dioxide and a
secondary displacing gas which has a higher solubility in water than does carbon dioxide (such as,
for example, hydrogen sulphide), the threshold production quality of each produced gas and/or
combined produced gas may be defined by a maximum allowable production amount of carbon

dioxide which may be included in the produced gas.

As a fourth example, if the displacing gas 1s comprised of carbon dioxide and a
secondary displacing gas which has a lower solubility in water than does carbon dioxide and which
is considered to be an impurity in natural gas (such as, for example nitrogen), the threshold
production quality of each produced gas and/or combined produced gas may be defined by both a
maximum allowable production amount of the secondary displacing gas which may be included 1n
the produced gas and a maximum allowable production amount of carbon dioxide which may be

included in the produced gas.

As a fifth example, if the displacing gas is comprised of nitrogen and some other
substance which 1s not considered to be an impurity in natural gas (such as, for example methane
and/or some other hydrocarbon gas), the threshold production quality of each produced gas and/or
combined produced gas may be defined by a maximum allowable production amount of nitrogen

which may be included 1n the produced gas.

In some embodiments, the maximum allowable production amount of carbon

dioxide which may be included in the produced gas may be about 2 percent carbon dioxide by
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volume of the produced gas. The maximum allowable production amount of the secondary
displacing gas which may be included in the produced gas will vary depending upon the secondary
displacing gas. In some embodiments, if the secondary displacing gas is nitrogen, the maximum
allowable production amount of nitrogen which may be included in the produced gas may be about

20 percent nitrogen by volume of the produced gas.

Preferably the threshold injection quality is defined with reference to properties
which render the produced gas suitable for injection into a subterranean zone as a displacing agent
for natural gas. Such properties may relate to the composition of the produced gas, may relate to
the effectiveness of the produced gas as a displacing gas, and/or may relate to minimum and/or

maximum amounts of substances which may be present in the produced gas.

The threshold injection quality for each subterranean zone may be defined having
regard to the desired composition of the produced gas to be produced from the subterranean zone,
since some or all of the substances which are included in the injected gas over time will eventually
be included in the produced gas. The threshold injection quality for each subterranean zone may
also be defined having regard to potential negative effects that substances contained in the injected
gas may have on the efficiency of recovery of natural gas from the subterranean zone and upon

equipment which is associated with the subterranean zone.

In this regard, the presence in a produced gas which i1s to be injected into a
subterranean zone of substances which may be harmful to or which may damage equipment which
is associated with the subterranean zone is preferably limited or prevented. For example, carbon
dioxide is relatively corrosive in an aqueous environment and the presence of carbon dioxide in a

displacing agent may cause damage to injection wells and other equipment associated with a

subterranean zone.

As a result, in some embodiments the presence of carbon dioxide in a produced gas
which is to be injected into a subterranean zone may be controlled. In some embodiments,
particularly where the displacing gas is comprised of carbon dioxide, a produced gas quality is
lower than the threshold injection quality of the produced gas when the produced gas includes

more than a maximum allowable injection amount of carbon dioxide. The maximum allowable
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injection amount of carbon dioxide may be any selected amount, having regard both to the benefits
of using carbon dioxide as a displacing agent and to the potential damage to injection wells and

other equipment associated with the subterranean zone.

In embodiments where the presence of carbon dioxide in a produced gas which is to
be injected into a subterranean zone is controlled, the maximum allowable injection amount of
carbon dioxide which may be included in a produced gas is preferably not significantly higher than
the amount of carbon dioxide which is included in the natural gas which is contained within the
subterranean zone. In other words, preferably relatively little carbon dioxide is added to the

natural gas as a result of its production as a produced gas.

In some embodiments, the maximum amount of carbon dioxide which may be
added to the natural gas as a result of its production as a produced gas may be about 2 percent
carbon dioxide by volume of the produced gas. In other words, if the natural gas contained in a
subterranean zone contains X percent carbon dioxide, the maximum allowable injection amount of

carbon dioxide which may be included in a produced gas from that subterranean zone may be

about (X+2) percent.

In some embodiments, the potential negative effects of the presence of carbon
dioxide or other substances in a produced gas may be ignored in defining the threshold injection

quality.

In some embodiments, the threshold production quality of the produced gases may
be lower than the threshold injection quality of the produced gases. In such embodiments, the
practice of the method may be slightly modified. For example, an amount of the produced gas may
be injected into one or more subterranean zones when the produced gas quality is higher than or
equal to both the threshold injection quality and the threshold production quality. When the
produced gas quality is lower than the threshold injection quality but higher than or equal to the
threshold production quality, the produced gas may be collected. When the produced gas quality 1s
lower than both the threshold injection quality and the threshold production quality, the produced

gas may be disposed of or production of the produced gas may be terminated.
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The decision to terminate production of a produced gas from a particular
subterranean zone may generally be made when the produced gas quality of the produced gas is
lower than the threshold production quality, the produced gas is not suitable for injection into a
subterranean zone or is not needed for injection into a subterranean zone, and it is not desirable to

otherwise dispose of the produced gas.

Production of a produced gas from a particular subterranean zone may be
terminated 1n any suitable manner. In some embodiments, production of a produced gas from a
subterranean zone may be terminated by “shutting in” production wells which are associated with
the subterranean zone, thereby containing the produced gas and preventing the produced gas from

becoming an environmental risk or hazard.

Following termination of production of the produced gas from the subterranean
zone, mjection of the displacing gas, one or more produced gases, or one or more other displacing
agents 1nto the subterranean zone may optionally be continued for the purpose of increasing the
static reservoir pressure of the subterranean zone, to sequester carbon dioxide in the subterranean
zone, or for any other purpose. In this regard, the method of the invention is preferably performed
with monitoring of the static reservoir pressures in the subterranean zones and injection of
substances 1nto the subterranean zones until the initial static reservoir pressure of the subterranean

zones 1S achieved.

BRIEF DESCRIPTION OF DRAWINGS

Embodiments of the invention will now be described with reference to the

accompanying drawings, in which:

Figure 1 1s a schematic representation of an embodiment of the method of the

invention in which the displacing gas is flue gas.

Figure 2 is a graph depicting production stages at a production location of a first

subterranean zone based upon laboratory experiments involving injection of a simulated flue gas
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containing 14% carbon dioxide and 86% nitrogen as a displacing gas into a simulated first

subterranean zone containing methane.

Figure 3 1s an 1llustrative graph schematically depicting the composition of gases
contained 1n a first subterranean zone between an injection location and a production location
based upon laboratory experiments involving injection of a simulated flue gas containing 14%
carbon dioxide and 86% nitrogen as a displacing gas into a simulated first subterranean zone

containing methane, at the moment of nitrogen breakthrough at the production location.

DETAILED DESCRIPTION

The present invention 1s a method for recovering natural gas from a group of
subterranean zones containing natural gas. The method is comprised of injecting a displacing gas
Into a first subterranean zone in order to initiate the method, thereby producing a first produced gas
from the first subterranean zone. The first produced gas is injected into one or more other

subterranean zones to produce further produced gases from the other subterranean zone or zones.

Reterring to Figure 1, there 1s provided a schematic representation of an
embodiment of the method of the invention. The method as depicted in Figure 1 includes optional
and/or alternative aspects of the invention which will be identified in the description which

follows.

Figure 1 depicts a group (20) of subterranean zones consisting of a first
subterranean zone (22), a second subterranean zone (24) and a third subterranean zone (26). The
number of subterranean zones depicted in Figure 1 is exemplary only. The invention may be
practiced 1n conjunction with a group (20) of subterranean zones which includes any number of

subterranean zones greater than one.

The subterranean zones (22,24,26) may be discrete natural gas reservoirs, regions of
a single discrete reservoir, or a combination of discrete natural gas reservoirs and regions of
discrete natural gas reservoirs. Any or all of the subterranean zones (22,24,26) may also be

comprised of a number of “subzones” so that the method of the invention may effectively be
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performed in “parallel” in a number ot subzones which together comprise a single subterranean

ZOIC.

The subterranean zones (22,24,26) are partially depleted of natural gas so that the
method of the invention represents an “enhanced gas recovery” method. The amount of the
original gas in place (“OGIP”) which has previously been removed from each of the subterranean
zones (22,24,26) betore the method of the invention is performed in the subterranean zones
(22,24,26) 1s dependent upon the characteristics of the subterranean zones (22,24,26). In some
applications, 1t 1s preferable that at least about 60% of the OGIP has been removed from each of
the subterranean zones (22,24,26). In applications in which one or more of the subterranean zones
(22,24,26) 1s 1n pressure communication with heavy oil or bitumen containing formations which
may be exploited using thermal recovery methods such as steam drive, in-situ combustion or steam
assisted gravity drainage (SAGD), preferably at least about 30% of the OGIP has previously been

removed from such subterranean zones (22,24,26).

The method of the invention is initiated by injecting a displacing gas into the first
subterranean zone (22). The displacing gas may be any substance or combination of substances

which 1s capable of displacing natural gas in the first subterranean zone (22).

In the embodiment of the invention depicted in Figure 1, the displacing gas is flue
gas which contains carbon dioxide and which also contains nitrogen as a secondary displacing gas.
As a result, 1n Figure 1 there is depicted a source (28) of flue gas for providing flue gas for use as

the displacing gas.

The source (28) of flue gas may be comprised of any structure, apparatus, plant or

facility which is capable of producing flue gas for use in the method of the invention.

As a first example, the source (28) of flue gas may be comprised of one or more
industrial sources such as a hydrogen plant, a sweet gas processing plant, a petrochemical plant, a
pulp mill, a sour gas processing plant etc., which may produce flue gas as a product or waste

stream 1n 1ts ongoing operations and from which it is feasible to obtain flue gas for use in the

method of the invention.
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As a second example, the source (28) of flue gas may be comprised of one or more
local sources which produce flue gas either specifically for use in the method of the invention or
which produce flue gas as a product or waste stream in the operation of the plant which performs
the method of the invention. Such local sources of flue gas may use fuels delivered from

elsewhere or may use as fuels produced gas which i1s produced from the subterranean zones

(22,24,26).

In the latter case, flue gas obtained from burning produced gases which are
produced from one or more of the subterranean zones (22,24,26) may be injected into the first
subterranean zone (22) as the displacing gas in order to generate further produced gases in
accordance with the method of the invention, thereby providing a self-contained closed loop

method which produces little or no greenhouse gas emissions into the atmosphere.

Depending upon the quality of the flue gas provided by the source (28) of flue gas
and upon the requirements of the method, it may be desirable to treat the flue gas to remove

substances therefrom before it is used as the displacing gas.

For example, 1t the first subterranean zone (22) is a relatively shallow natural gas
reservolr or a region thereof and/or if the first subterranean zone (22) is in pressure communication
with a heavy oil or bitumen containing formation, the oxygen content of the displacing gas is
preferably less than about 1% by volume of the displacing gas. If the first subterranean zone (22)
1s a relatively deep natural gas reservoir or a region thereof, the oxygen content of the displacing

gas 1s preferably less than about 4% by volume of the displacing gas.

As a result, in Figure 1 there is depicted an oxygen removal unit (30) for removing
oxygen trom the flue gas which is provided by the source (28) of flue gas. The oxygen removal
unit (30) may be comprised of any apparatus or combination of apparatus which is capable of
removing oxygen from flue gas. In the event that removal of oxygen from the flue gas is not

required, the oxygen removal unit (30) may be bypassed.
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It may also be desirable to treat the flue gas provided by the source (28) of flue gas

to remove water therefrom before 1t 1s used as the displacing gas.

As a result, in Figure 1 there 1s depicted a drying unit (32) for removing water from
the flue gas which is provided by the source (28) of flue gas. The drying unit (32) may be
comprised of any apparatus or combination of apparatus which is capable of removing water from
tlue gas. In the event that removal of water from the flue gas is not required, the drying unit (32)

may be bypassed.

[f necessary or desirable, the flue gas may be treated to remove other substances
theretrom either 1in addition to or in substitution for the removal of oxygen and/or water as

described above.

Following treatment of the flue gas from the source (28) of flue gas as may be
necessary or desirable for its use as a displacing gas, the flue gas is directed through a first
compressor (34) so that the flue gas may be pressurized to a pressure which is appropriate for

injection of the flue gas into the first subterranean zone (22).

Once the tlue gas has been treated as desired and is at a suitable pressure, it may be

injected as a displacing gas (36) into the first subterranean zone (22) at a first injection location

(38).

The displacing gas (36) is injected into the first subterranean zone (22) at the first
injection location (38) while a first produced gas (40) is produced from the first subterranean zone
(22) at a first production location (42) which is spaced from the first injection location (38). The
displacing gas (36) may be injected continuously, intermittently or in any other suitable manner.
The first production location (42) is spaced from the first injection location (38) so that the
displacing gas (36) can migrate through the first subterranean zone (22) toward the first production

location (42) while displacing natural gas toward the first production location (42).

The first 1njection location (38) is comprised of one or more injection wells (not

shown) which penetrate the first subterranean zone (22). Similarly, the first production location
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(42) 1s comprised of one or more production wells (not shown) which penetrate the first

subterranean zone (22).

Because it is flue gas, the displacing gas (36) i1s comprised of nitrogen and carbon
dioxide, and may be further comprised of other substances. As the displacing gas (36) 1s injected
into the first subterranean zone (22), the composition of the first produced gas (40) will change
over time, first following nitrogen breakthrough at the first production location (42), and second

following carbon dioxide breakthrough at the first production location (42).

Nitrogen breakthrough at the first production location (42) occurs before carbon
dioxide breakthrough at the first production location (42) because nitrogen has a much lower
solubility in water than does carbon dioxide, with the result that carbon dioxide 1s preterentially
dissolved in connate water which is present in the first subterranean zone (22), thereby stripping
the displacing gas (36) of carbon dioxide as it moves toward the first production location (42). As
the solubility limits for carbon dioxide are approached in the first subterranean zone (22), the
displacing gas (36) will contain increasing amounts of carbon dioxide as it moves toward the first

production location (42).

Consequently, during a first stage of production of the first produced gas (40) from
the first subterranean zone (22), the first produced gas (40) will consist essentially of natural gas
which has been displaced to the first production location (42) by the displacing gas (36). The first

stage of production ends upon nitrogen breakthrough at the first production location (42).

During a second stage of production of the first produced gas (40) from the first
subterranean zone (22), the first produced gas (40) will be comprised of natural gas and increasing

amounts of nitrogen.

During a third stage of production of the first produced gas (40) from the first

subterranean zone (22), the first produced gas (40) will be comprised of natural gas with increasing

amounts of nitrogen and carbon dioxide.
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The first produced gas (40) may be directed into one or more of four different
streams, only three of which are depicted in Figure 1. First, the first produced gas (40) may be
directed as a collection stream (44) to be collected as a marketable natural gas product. Second,
the first produced gas (40) may be directed as an injection stream (46) to be injected into the
second subterranean zone (24). Third, some or all of the first produced gas (40) may be directed as
a combination stream (48) to be combined with other produced gases as will be described in detail
below. Fourth, the first produced gas (40) may be directed as a disposal stream (not shown) to be

disposed of in some manner as will be described below.

The first produced gas (40) may be directed through a first produced gas treatment
unit (50) to remove substances such as solid particles and water therefrom. The first produced gas
treatment unit (50) may be comprised of any suitable structure, apparatus or device or combination
of suitable structures, apparatus or devices. For example, the first produced gas treatment unit (50)

may be comprised of a separator vessel (not shown) and/or a drying unit (not shown).

As depicted in Figure 1, the first produced gas (40) is directed through the first
produced gas treatment unit (50) before the first produced gas (40) 1s directed into one or more
different streams. Alternatively, one or more of the streams into which the first produced gas (40)
is directed may be treated separately as desired or treatment of the first produced gas (40) may be

bypassed altogether.

The injection stream (46) of the first produced gas (40) is injected into the second
subterranean zone (24). If pressurization of the injection stream (46) is required, the injection
stream (46) may be directed through a second compressor (52) before it is injected into the second

subterrancan zone (24).

The injection stream (46) of the first produced gas (40) is injected into the second
subterranean zone (24) at a second injection location (54) while a second produced gas (56) 1s
produced from the second subterranean zone (24) at a second production location (58) which 1s
spaced from the second injection location (54). The injection stream (46) may be injected
continuously, intermittently or in any other suitable manner. The second production location (58)

is spaced from the second injection location (54) so that the injection stream (46) can migrate
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through the second subterranean zone (24) toward the second production location (58) while

displacing natural gas toward the second production location (58).

The second injection location (54) 1s comprised of one or more injection wells (not
shown) which penetrate the second subterranean zone (24). Similarly, the second production

location (58) is comprised of one or more production wells (not shown) which penetrate the second

subterranean zone (24).

The composition of the second produced gas (56) will change over time following
breakthrough of the injection stream (46) of the first produced gas (40) at the second production
location (58).

The specific composition of the second produced gas (56) will depend upon the
composition of the natural gas contained in the second subterranean zone (24) and upon the
composition of the injection stream (46) of the first produced gas (40), which in turn will depend
upon which stage of production of the first produced gas (40) the injection stream (46) is derived

from.

As a first example, the injection stream (46) of the first produced gas (40) may be
derived from the second stage of production of the first produced gas (40) in which the first
produced gas (40) is comprised of natural gas and increasing amounts of nitrogen. In this first
example, in a first stage of production of the second produced gas (56) the second produced gas
(56) will consist essentially of natural gas, and in a second stage of production of the second
produced gas (56) the second produced gas (56) will be comprised of natural gas and increasing

amounts of nitrogen.

As a second example, the injection stream (46) of the first produced gas (40) may
be derived from the third stage of production of the first produced gas (40) in which the first
produced gas (40) is comprised of natural gas and increasing amounts of nitrogen and carbon
dioxide. In this second example, in a first stage of production of the second produced gas (56) the
second produced gas (56) will consist essentially of natural gas, in a second stage of production of

the second produced gas (56) the second produced gas (56) will be comprised of natural gas and
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increasing amounts of nitrogen, and in a third stage of production of the second produced gas (56)

the second produced gas (56) will be comprised of natural gas and increasing amounts of nitrogen

and carbon dioxide.

The second produced gas (56) may be directed into one or more of four different
streams, only three of which are depicted in Figure 1. First, the second produced gas (56) may be
directed as a collection stream (60) to be collected as a marketable natural gas product. Second,
the second produced gas (56) may be directed as an injection stream (62) to be injected into the
third subterranean zone (26). Third, some or all of the second produced gas (56) may be directed
as a combination stream (64) to be combined with other produced gases as will be described in
detail below. Fourth, the second produced gas (56) may be directed as a disposal stream (not

shown) to be disposed of in some manner as will be described below.

The second produced gas (56) may be directed through a second produced gas
treatment unit (66) to rerhove substances such as solid particles and water therefrom. The second
produced gas treatment unit (66) may be comprised of any suitable structure, apparatus or device
or combination of suitable structures, apparatus or devices. For example, the second produced gas
treatment unit (66) may be comprised of a separator vessel (not shown) and/or a drying unit (not

shown).

As depicted in Figure 1, the second produced gas (56) is directed through the
second produced gas treatment unit (66) before the second produced gas (56) 1s directed into one
or more different streams. Alternatively, one or more of the streams into which the second
produced gas (56) is directed may be treated separately as desired or treatment of the second

produced gas (56) may be bypassed altogether.

The injection stream (62) of the second produced gas (56) is injected into the third
subterranean zone (26). If pressurization of the injection stream (62) is required, the injection
stream (62) may be directed through a third compressor (68) before it is injected into the third

subterrancan zone (26).

_24 -



10

15

20

23

30

CA 02619557 2008-02-07

The injection stream (62) of the second produced gas (56) is injected into the third
subterranean zone (26) at a third injection location (70) while a third produced gas (72) 1s
produced from the third subterranean zone (26) at a third production location (74) which is spaced
from the third injection location (70). The injection stream (62) may be injected continuously,
intermittently or in any other suitable manner. The third production location (74) is spaced from
the third injection location (70) so that the injection stream (62) can migrate through the third
subterranean zone (26) toward the third production location (74) while displacing natural gas

toward the third production location (74).

The third injection location (70) is comprised of one or more injection wells (not
shown) which penetrate the third subterranean zone (26). Similarly, the third production location
(74) is comprised of one or more production wells (not shown) which penetrate the third

subterranean zone (26).

The composition of the third produced gas (72) will change over time following
breakthrough of the injection stream (62) of the second produced gas (56) at the third production
location (74).

The specific composition of the third produced gas (72) will depend upon the
composition of the natural gas which is contained in the third subterranean zone (26) and upon the
composition of the injection stream (62), which in turn will depend upon which stage of

production of the second produced gas (56) the injection stream (62) of the second produced gas
(56) is derived from.

As a first example, the injection stream (62) of the second produced gas (56) may
be derived from the second stage of production of the second produced gas (56) in which the
second produced gas (56) is comprised of natural gas and increasing amounts of nitrogen. In this
first example, in a first stage of production of the third produced gas (72) the third produced gas
(72) will consist essentially of natural gas, and in a second stage of production of the third

produced gas (72) the third produced gas (72) will be comprised of natural gas and increasing

amounts of nitrogen.
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As a second example, the injection stream (62) of the second produced gas (56)
may be derived irom the third stage of production of the second produced gas (56) in which the
second produced gas (56) is comprised of natural gas and increasing amounts of nitrogen and
carbon dioxide. In this second example, in a first stage of production of the third produced gas
(72) the third produced gas (72) will consist essentially of natural gas, in a second stage of
production of the third produced gas (72) the third produced gas (72) will be comprised of natural
gas and increasing amounts of nitrogen, and in a third stage of production of the third produced gas
(72) the third produced gas (72) will be comprised of natural gas and increasing amounts of

nitrogen and carbon dioxide.

As depicted in Figure 1, the third subterranean zone (26) 1s the final subterranean
zone in which the method is performed. As a result, as depicted in Figure 1, the third produced gas
(72) may be directed into one or more of three different streams, only two of which are depicted in
Figure 1. First, the third produced gas (72) may be directed as a collection stream (76) to be
collected as a marketable natural gas product. Second, some or all of the third produced gas (72)
may be directed as a combination stream (78) to be combined with other produced gases as will be
described in detail below. Third, the third produced gas (72) may be directed as a disposal stream

(not shown) to be disposed of in some manner as will be described below.

I[f the method of the invention is performed using more than three subterranean
zones, the third produced gas (72) may be directed into a fourth stream which 1s an 1njection
stream (not shown) to be injected into a fourth subterranean zone (not shown), in a similar manner

as 1s described with respect to the injection stream (62) of the second produced gas (56).

The determination of which stream or streams the produced gases (40,56,72) are
directed into is in most applications of the invention made having regard to the quality of the
produced gases (40,56,72). The quality of the produced gases (40,56) preferably relates to the
composition of the produced gases (40,56,72).

For example, in the embodiments depicted in Figure 1, the first produced gas (40)
has a first produced gas quality, the second produced gas (56) has a second produced gas quality,
and the third produced gas (72) has a third produced gas quality. If the produced gases (40,56,72)
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are treated, the produced gas quality preferably relates to the quality of the treated produced gases
(40,56,72).

Each of the produced gases (40,56,72) has a threshold production quality. The
threshold production quality defines a minimum quality in order for the produced gases (40,56,72)
to be directed into the collection streams (44,60,76). The threshold production quality may be the

same for each of the produced gases (40,56,72) or may vary amongst the produced gases
(40,56,72).

Each of the produced gases (40,56,72) has a threshold injection quality. The
threshold injection quality defines a minimum quality in order for the produced gases (40,56,72) to
be directed into the injection streams (46,62). The threshold injection quality may be the same for
each of the produced gases (40,56,72) or may vary amongst the produced gases (40,56,72).

In most applications of the invention, the threshold production quality is a higher
quality than the threshold injection quality. In some applications of the invention, however, the

threshold injection quality may be a higher quality than the threshold production quality.

In most applications of the invention, the produced gases (40,56,72) are not directed
into the combination streams (48,64,78). As a result, in most applications of the invention, the
produced gases (40,56,72) are directed into the collection streams (44,60,76), the injection streams

(46,62) and/or the disposal streams (not shown).

In most applications of the invention, the injection streams (46,62) of the produced
gases (40,56,72) are injected only into the next subsequent subterranean zone. In other words, the
injection stream (46) of the first produced gas (40) is injected only into the second subterranean
zone (24), and the injection stream (62) of the second produced gas (56) is injected only into the
third subterranean zone (26). In some embodiments, however, either of the injection streams

(46,62) of the produced gases (40,56) may be injected into either or both of the subterranean zones
(24,26).

_27 .



10

15

20

23

30

CA 02619557 2008-02-07

The threshold production quality preferably represents the minimum quality which
is required in order for the produced gas (40,56,72) to be considered to be a “marketable natural
gas product”. A marketable natural gas product may be defined by a maximum allowable

production amount of one or more substances or by a minimum allowable production amount of

one or more substances.

As a first example, a produced gas (40,56,72) may be considered to be a marketable
natural gas product if it contains no more than a maximum allowable production amount of carbon
dioxide. The maximum allowable production amount of carbon dioxide may vary, depending
upon the requirements of the purchaser or transporter of the natural gas product. Due, however, to
the corrosiveness of carbon dioxide, the maximum allowable production amount of carbon dioxide
will typically be a relatively small amount of carbon dioxide. In some applications of the
invention, the maximum allowable production amount of carbon dioxide is about 2 percent carbon

dioxide by volume of the produced gas (40,56,72).

As a second example, a produced gas (40,56,72) may be considered to be a
marketable natural gas product if it contains no more than a maximum allowable production
amount of nitrogen. The maximum allowable production amount of nitrogen may vary, depending
upon the requirements of the purchaser or transporter of the natural gas product. In some
applications of the invention, the maximum allowable production amount of nitrogen 1s about 20

percent nitrogen by volume of the produced gas (40,56,72).

The threshold injection quality preferably represents the minimum quality which is
required in order for the produced gas (40,56,72) to be suitable for injection into a subterranean
zone as a displacing agent for enhanced gas recovery operations. A suitable displacing agent for
enhanced gas recovery operations may be defined by a maximum allowable injection amount of

one or more substances or by a minimum allowable injection amount of one or more substances.

For example, a produced gas (40,56,72) may be considered to be a suitable
displacing agent if it contains no more than a maximum allowable injection amount of carbon

dioxide and/or other corrosive substances.
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As a result, in some applications of the invention it may be desirable to avoid or at
least minimize the presence of carbon dioxide in the injection streams (46,62) of the produced
gases (40,56,72), in order to avoid or at least minimize the corrosive etfects of carbon dioxide on

injection wells and other equipment which is associated with the subterranean zones (22,24,26).

In some applications of the invention, the maximum allowable injection amount of
carbon dioxide in the injection streams (46,62) is not significantly higher than the amount of
carbon dioxide which is naturally occurring in the natural gas contained in the subterranean zones
(22,24,26). In other words, in some applications there is preferably very little 1t any carbon
dioxide added to the natural gas contained in the subterranean zones (22,24,26) as a result of 1ts

production as a produced gas.

In other applications of the invention the corrosive effects of carbon dioxide may be
tolerated to some extent in the injection wells and other equipment associated with the
subterranean zones (24,26) and the maximum allowable injection amount of carbon dioxide 1n the
injection streams (46,62) may be higher or even significantly higher than the amount of carbon

dioxide which is naturally occurring in the natural gas.

As a result, in some applications of the invention, the method may proceed as

follows.

To initiate the method, the displacing gas (36) is injected into the first subterranean
zone (22) at the first injection location (38) in order to displace natural gas contained in the first
subterranean zone (22) toward the first production location (42) and produce the first produced gas
(40) from the first subterranean zone (22). The first produced gas quality will change over time as

the displacing gas (36) is injected into the first subterranean zone (22).

During the first stage of production of the first produced gas (40) from the first
subterranean zone (22), the first produced gas (40) consists essentially of natural gas and 1s
collected in the collection stream (44) as a marketable gas product, assuming that the first
produced gas quality is higher than or equal to the threshold production quality of the first
produced gas (40).
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During the second stage of production of the first produced gas (40) from the first
subterranean zone (22), the first produced gas (40) comprises natural gas and increasing amounts
of nitrogen. Assuming that the maximum allowable production amount of nitrogen in the first
produced gas (40) is about 20 percent nitrogen by volume of the first produced gas (40) and
assuming that the first produced gas quality is otherwise higher than or equal to the threshold
production quality of the first produced gas (40), the first produced gas (40) may continue to be
collected in the collection stream (44) as a marketable gas product until the amount of nitrogen in

the first produced gas (40) exceeds about 20 percent.

Once the amount of nitrogen in the first produced gas (40) exceeds about 20 percent
nitrogen by volume of the first produced gas (40), collection of the first produced gas (40) 1s
terminated and the first produced gas (40) is directed to the injection stream (46) for injection into
the second subterrancan zone (24) at the second injection location (54), assuming that the first
produced gas quality is otherwise higher than or equal to the threshold injection quality of the first
produced gas (40).

During the third stage of production of the first produced gas (40) from the first
subterranean zone (22), the first produced gas (40) comprises natural gas and increasing amounts

of nitrogen and carbon dioxide.

If the maximum allowable injection amount of carbon dioxide in the first produced
gas (40) is such that the first produced gas quality is lower than the threshold injection quality of
the first produced gas (40) immediately upon carbon dioxide breakthrough at the first production
location (42), injection of the first produced gas (40) into the second subterranean zone (24) will be
terminated at the beginning of the third stage of production of the first produced gas (40) from the

first subterranean zone (22).

If the maximum allowable injection amount of carbon dioxide in the first produced
gas (40) is such that some amount of added carbon dioxide can be tolerated in the injection stream
(46), and assuming that the first produced gas quality is otherwise higher than the threshold

injection quality, the injection of the first produced gas (40) into the second subterranean zone (24)
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may continue until the maximum allowable injection amount of carbon dioxide is exceeded in the

first produced gas (40), at which time the injection of the first produced gas (40) into the second

subterranean zone (24) will be terminated.

Once the first produced gas (40) is no longer suitable for either collection or for
injection due to the first produced gas quality, the first produced gas (40) may be directed to the
disposal stream to be otherwise disposed of, or production of the first produced gas (40) from the

first subterranean zone (22) may be terminated.

Similarly, if the first produced gas (40) 1s no longer needed for injection into the
second subterranean zone (24), the first produced gas (40) may be directed to the disposal stream
to be otherwise disposed of, or production of the first produced gas (40) from the first subterranean
zone (22) may be terminated. The first produced gas (40) will cease to be needed for injection into
the second subterranean zone (24) once sufficient volumes of the first produced gas (40) have been
injected into the second subterranean zone (24) to achieve the objectives of the method for the

second subterrancan zone (24).

If production of the first produced gas (40) from the first subterranean zone (22) 1s
terminated, the displacing gas (36) or some other gas or gases may optionally continue to be
injected into the first subterranean zone (22) while the production wells associated with the first
subterranean zone (22) are shut in for the purpose of sequestering carbon dioxide and/or increasing

the static reservoir pressure of the first subterrancan zone (22).

If the amount of the first produced gas (40) which is available and suitable for
injection into the second subterranean zone (22) is less than the amount of displacing agent which
is required for injection into the second subterranean zone (24) 1n order to achieve the objectives of
the method in the second subterranean zone (24), alternate displacing agents may be injected into

the second subterranean zone (24) in order to achieve the objectives of the method 1n the second

subterranean zone (24).

As a first example, flue gas (102) may be injected into the second subterranean zone

(24) as a displacing agent.
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As a second example, an amount of air (100) (hmited due to the potential hazard

because of the oxygen contained therein) may be injected into the second subterranean zone (24).

The second produced gas (40) is produced at the second production location (58) of
the second subterranean zone (24). The second produced gas quality will change over time as the

first produced gas (40) is injected into the second subterranean zone (24).

During the first stage of production of the second produced gas (56) from the
second subterranean zone (24), the second produced gas (56) consists essentially of natural gas and
is collected in the collection stream (60) as a marketable gas product, assuming that the second
produced gas quality is higher than or equal to the threshold production quality of the second
produced gas (56).

During the second stage of production of the second produced gas (56) from the
second subterranean zone (24), the second produced gas (56) comprises natural gas and increasing
amounts of nitrogen. Assuming that the maximum allowable production amount of nitrogen in the
second produced gas (56) is about 20 percent nitrogen by volume of the second produced gas (56)
and assuming that the second produced gas quality is otherwise higher than or equal to the
threshold production quality of the second produced gas (56), the second produced gas (56) may be
collected in the collection stream (60) until the amount of nitrogen in the second produced gas (56)

exceeds about 20 percent.

Once the amount of nitrogen in the second produced gas (56) exceeds about 20
percent nitrogen by volume of the second produced gas (56), collection of the second produced gas
(56) is terminated and the second produced gas (56) is directed to the injection stream (62) for
injection into the third subterranean zone (26) at the third injection location (70), assuming that the
second produced gas quality is otherwise higher than or equal to the threshold injection quality of

the second produced gas (56).

If the threshold injection quality of the first produced gas (40) does not tolerate any

significant amount of added carbon dioxide due to the corrosive effects of carbon dioxide on
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equipment associated with the second subterranean zone (24), the injection stream (46) of the first
produced gas (40) will contain relatively little carbon dioxide. As a result, the second stage of
production of the second produced gas (56) may continue almost indefinitely as the nitrogen
content of the second produced gas (56) increases and the natural gas content of the second
produced gas (56) decreases, since very little or no carbon dioxide is likely at any time to be
contained within the second produced gas (56). In this case, the injection of the second produced
gas (56) into the third subterranean zone (26) may conceivably continue until the amount of the
second produced gas (56) which is injected into the third subterranean zone (26) 1s sutficient to

achieve the objectives of the invention in the third subterranean zone (26).

If the threshold injection quality of the first produced gas (40) does tolerate some
amount of added carbon dioxide, the second produced gas (56) may enter the third stage of
production in which the second produced gas comprises natural gas with increasing amounts of

nitrogen and carbon dioxide.

If the maximum allowable injection amount of carbon dioxide in the second
produced gas (56) is such that the second produced gas quality is lower than the threshold 1njection
quality of the second produced gas (56) immediately upon carbon dioxide breakthrough at the
second production location (58), injection of the second produced gas (56) into the third
subterranean zone (26) will be terminated at the beginning of the third stage of production of the

second produced gas (56) from the second subterranean zone (24).

If the maximum allowable injection amount of carbon dioxide in the second
produced gas (56) is such that some amount of added carbon dioxide can be tolerated in the
injection stream (62), and assuming that the second produced gas quality 1s otherwise higher than
the threshold injection quality, the injection of the second produced gas (56) into the third
subterranean zone (26) may continue until the maximum allowable injection amount of carbon
dioxide is exceeded in the second produced gas (56), at which time the injection of the second

produced gas (56) into the third subterranean zone (26) will be terminated.

Once the second produced gas (56) is no longer suitable for either collection or for

injection due to the second produced gas quality, the second produced gas (56) may be directed to
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the disposal stream to be otherwise disposed of, or production of the second produced gas (56)

from the second subterranean zone (24) may be terminated.

Similarly, if the second produced gas (56) 1s no longer needed for injection into the
third subterranean zone (26), the second produced gas (56) may be directed to the disposal stream
to be otherwise disposed of, or production of the second produced gas (56) from the second
subterranean zone (24) may be terminated. The second produced gas (56) will cease to be needed
for injection into the third subterranean zone (26) once sufficient volumes of the second produced
gas (56) have been injected into the third subterranean zone (26) to achieve the objectives of the

method for the third subterranean zone (26).

If production of the second produced gas (56) from the second subterranean zone
(24) is terminated, the first produced gas (40) or some other gas or gases may optionally continue
to be injected into the second subterranean zone (24) while the production wells associated with
the second subterranean zone (24) are shut in for the purpose of sequestering carbon dioxide and/or

increasing the static reservoir pressure of the second subterranean zone (24).

If the amount of the second produced gas (56) which is available and suitable for
injection into the third subterranean zone (26) is less than the amount of displacing agent which is
required for injection into the third subterranean zone (26) in order to achieve the objectives of the
method in the third subterranean zone (26), alternate displacing agents may be injected into the
third subterranean zone (26) in order to achieve the objectives of the method in the third

subterranean zone (26).

As a first example, flue gas (106) may be injected into the third subterranean zone

(26) as a displacing agent.

As a second example, an amount of air (104) (limited due to the potential hazard
because of the oxygen contained therein) may be injected into the third subterranean zone (26) as a

displacing agent.
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The third produced gas (72) 1s produced at the third production location (74) of the
third subterranean zone (26). The third produced gas quality will change over time as the second

produced gas (56) is injected into the third subterranean zone (26).

During the first stage of production of the third produced gas (72) from the third
subterranean zone (26), the third produced gas (72) consists essentially of natural gas and is
collected in the collection stream (76) as a marketable gas product, assuming that the third
produced gas quality is higher than or equal to the threshold production quality of the third
produced gas (72).

During the second stage of production of the third produced gas (72) from the third
subterranean zone (26), the third produced gas (72) comprises natural gas and increasing amounts
of nitrogen. Assuming that the maximum allowable production amount of nitrogen in the third
produced gas (72) is about 20 percent nitrogen by volume of the third produced gas (72) and
assuming that the third produced gas quality is otherwise higher than or equal to the threshold
production quality of the third produced gas (72), the third produced gas (72) may be collected 1n
the collection stream (76) until the amount of nitrogen in the third produced gas (72) exceeds about

20 percent.

Once the amount of nitrogen in the third produced gas (72) exceeds about 20
percent nitrogen by volume of the third produced gas (72), collection of the third produced gas (72)
is terminated. In the most simple application of the method involving the three subterranean zones
(22,24,26), production of the third produced gas (72) is terminated when collection of the third
produced gas (72) is terminated, since the third produced gas (72) is not required as a displacing

agent in a subsequent subterranean zone.

If production of the third produced gas (72) from the third subterranean zone (26) 1s
terminated, the second produced gas (56) or some other gas or gases may optionally continue to be
injected into the third subterranean zone (26) while the production wells associated with the third
subterranean zone (26) are shut in for the purpose of sequestering carbon dioxide and/or increasing

the static reservoir pressure of the third subterranean zone (26).
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As described above, in simple applications of the invention, the method involves
injection of the displacing gas (36) into the first subterranean zone (22), injection of the first
produced gas (40) into the second subterranean zone (24), and injection of the second produced gas

(56) into the third subterranean zone (26), in a simple “chain” or “cascading” manner.

In more complex applications of the invention, the method may not necessarily
proceed in a simple chain or cascading manner, so that the flexibility and adaptability of the

method of the invention to different types and sizes of subterrancan zone can be enhanced.

As a first example (not shown), any of the produced gases (40,56,72) may be
injected into any of the subterranean zones (22,24,26) as a displacing agent, to sequester carbon
dioxide, to increase the static reservoir pressure in any of the subterranean zones (22,24,26), or for

any other purpose.

As a second example, referring to Figure 1, the combination streams (48,64,78) of
any or all of the produced gases (40,56,72) may be combined with each other in order to obtain a
combined produced gas (110) which may be directed into a combined collection stream (112), one
or more combined injection streams (114) or a combined disposal stream (not shown). The
combined produced gas (110) will have a combined produced gas quality and the determination of
whether to collect the combined produced gas (110), inject the combined produced gas (110), or
dispose of the combined produced gas (110) may be made having regard to a threshold production
quality for the combined produced gas (110) and a threshold injection quality for the combined
produced gas (110).

As a third example (not shown), one or more of the produced gases (40,56,72) may
be combined with one or more other displacing agents in order to obtain a modified produced gas
or a modified combined produced gas. The other displacing agent or agents may be comprised of
any substance which will provide a modified produced gas or modified combined produced gas
which is suitable for use as a displacing agent. In some embodiments the other displacing agent or
agents may be comprised of air and/or flue gas. By combining the produced gases (40,56,72) with

one or more other displacing agents, the other displacing agents can serve as an “extender” for the

produced gases (40,56,72).
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The disposal streams of the produced gases (40,56,72) may be disposed of 1n any
suitable manner. In some circumstances, the disposal streams may be suitable for use as a fuel by
itself or with a make up fuel in local equipment even if the produced gas quality 1s lower than the
threshold production quality and the threshold injection quality, and 1n some circumstances may
even be suitable for burning to produce flue gas for use as the displacing gas (36). In other
circumstances, the disposal streams of the produced gases (40,56,72) may directly be suitable for

use for some industrial purposes or may be treated and/or processed for use for some industrial

purposes.

By utilizing the more complex applications of the invention, the method may be
performed in a group of subterranean zones (22,24,26) of any size or relative size, since displacing
agents for injection into any of the subterranean zones (22,24,26) may be obtained from sources

other than the produced gas (40,45,72) produced from the previous subterranean zone (22,24,26).

In some applications of the invention, the subterranean zones (22,24,26) are
preferably sized so that reasonable assurance may be obtained that the volume of the injection
stream (46,62) of a produced gas (40,56) produced from a subterrancan zone (22,24) will be
sufficient to satisfy the required volume of displacing agent in the subsequent subterranean zone

(24,26).

For example, in some preferred applications of the invention, particularly for
subterranean zones (22,24,26) having similar static reservoir pressures, the pore volume of the first
subterranean zone (22) is preferably greater than or equal to the pore volume of the second
subterranean zone (24), the pore volume of the second subterranean zone (24) is preferably greater
than or equal to the pore volume of the third subterranean zone (26), and so on. Most preferably,
the volume of the first subterranean zone (22) is at least about two times the volume of the second
subterranean zone (24), the pore volume of the second subterranean zone (24) is at least about two

times the pore volume of the third subterranean zone (26), and so on.

Similarly, in some applications of the invention, the static reservoir pressures of the

subterranean zones (22,24,26) are preferably coordinated in order to minimize unnecessary
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pressurization of the displacing gas (36) and the injection streams (46,62) of the produced gases
(40,56).

For example, in some preferred applications of the invention, particularly for
subterranean zones (22,24,26) having similar pore volumes, the static reservoir pressure of the first
subterranean zone (22) is preferably greater than or equal to the static reservoir pressure of the
second subterranean zone (24), the static reservoir pressure of the second subterranean zone (24) is
preferably greater than or equal to the static reservoir pressure of the third subterranean zone (26),
and so on. Most preferably, the static reservoir pressure of the first subterranean zone (22) 1s at
least about two times the static reservoir pressure of the second subterrancan zone (24), the static
reservoir pressure of the second subterranean zone (24) i1s at least about two times the static

reservoir pressure of the third subterranean zone (26), and so on.

The invention may, however, be practiced in subterranean zones having a variety of
sizes and static reservoir pressures within or outside the parameters mentioned above, and the
design and/or optimization of the implementation of the invention in a particular group of

subterranean zones will be apparent or determinable to a person skilled in the art.

Laboratory experiments and numerical simulations directed at the method of the
invention were conducted using both a simulated flue gas consisting of a mixture of 14% carbon
dioxide and 86% nitrogen as a displacing gas (36) and using pure carbon dioxide as a displacing
gas (36), with both being separately injected into a simulated first subterranean zone (22)

consisting of a sand packed tube containing methane.

Referring to Figure 2, three stages of production from the simulated first
subterranean zone (22) are depicted for the laboratory experiments in which the simulated flue gas
consisting of the mixture of 14% carbon dioxide and 86% nitrogen was injected into the sand
packed tube containing methane. In the laboratory experiments depicted in Figure 2, the
displacing gas (36) was injected at a pressure of 100 psi and with a displacement velocity of 5.2

meters per day.
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During the first stage of production as depicted in Figure 2, the first produced gas
(40) contains less than 20 percent nitrogen by volume of the first produced gas (40). During the
second stage of production as depicted in Figure 2, the first produced gas (40) contains greater than
20 percent nitrogen by volume of the first produced gas (40), but less than 2 percent carbon
dioxide by volume of the first produced gas (40). During the third stage of production as depicted
in Figure 2, the first produced gas (40) contains greater than 2 percent carbon dioxide by volume of

the first produced gas (40).

Referring to Figure 3, an expected typical composition of gases contained 1n the
first subterranecan zone between an injection location and a production location based upon
laboratory experiments involving injection of a simulated flue gas containing 14% carbon dioxide
and 86% nitrogen as a displacing gas into the sand packed tube containing methane 1s depicted at

the moment of nitrogen breakthrough at the production location.

Based upon the laboratory experiments and numerical simulations, it 1s estimated
that the recovery of natural gas from a group of subterranean zones will be greater using the
method of the invention than if flue gas or carbon dioxide is simply injected as a displacing agent

into each of the subterranean zones.

This estimated greater recovery of natural gas is expected to be realized in those of
the subterranean zones in which produced gas is injected as a displacing agent, and 1s beheved to
be due to the composition of the produced gases which are used as displacing agents in comparison
with the composition of the flue gas which is used as the displacing agent in the first subterranean
zone. In particular, the produced gases which are used as displacing agents in the method of the
invention will in most circumstances contain relatively little carbon dioxide and nitrogen 1n
comparison with flue gas, and may also contain significant amounts of methane (for example,
perhaps averaging between about 40% and about 50% methane) and other constituents of natural

gas.

The method of the invention also potentially provides for a significant minimization
or even elimination of operational problems such as damage to equipment which may be

associated with the use of corrosive displacing agents such as flue gas, since the composition of the

-39 .



10

CA 02619557 2008-02-07

produced gases which are used as the displacing agents in the second and subsequent subterranean

zones may be controlled using the method of the invention.

Finally, the method of the invention potentially provides for increased opportunities
for carbon dioxide sequestration relative to the quantities of marketable natural gas which are
produced using the method of the invention, in comparison with conventional methods in which

the displacing gas (36) is injected into each of the subterranean zones (22,24,26).

In this document, the word “comprising” 1s used 1n i1ts non-limiting sense to mean
that items following the word are included, but items not specifically mentioned are not excluded.
A reference to an element by the indefinite article “a” does not exclude the possibility that more
than one of the elements is present, unless the context clearly requires that there be one and only

one of the elements.
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The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

1.

A method for recovering natural gas from a group of subterranean zones containing

5  natural gas, the method comprising:

10

15

20

25

30

(a)

(b)

(c)

(d)

(€)

injecting an amount of a displacing gas into a first subterranean zone at a first

injection location associated with the first subterranean zone;

producing a first produced gas from the first subterranean zone at a first production
location associated with the first subterranean zone, wherein the first production
location is spaced from the first injection location, wherein the first produced gas
has a first produced gas quality, and wherein the first produced gas quality changes
over time following breakthrough of the first displacing gas at the first production

location;

collecting an amount of the first produced gas, wherein the first produced gas
quality of the collected first produced gas is higher than or equal to a threshold
production quality for the first produced gas;

injecting an amount of the first produced gas into a second subterranean zone at a
second injection location associated with the second subterranean zone, wherein the
first produced gas quality of the injected first produced gas is higher than or equal
to a threshold injection quality for the first produced gas;

producing a second produced gas from the second subterranean zone at a second
production location associated with the second subterranean zone, wherein the
second production location 1s spaced from the second injection location, wherein
the second produced gas has a second produced gas quality, and wherein the second
produced gas quality changes over time following breakthrough of the second

displacing gas at the second production location; and
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(1) collecting an amount of the second produced gas, wherein the second produced gas
quality of the collected second produced gas is higher than or equal to a threshold

production quality for the second produced gas.

2. The method as claimed in claim 1 wherein the displacing gas is comprised of

carbon dioxide.

3. The method as claimed in claim 2 wherein the first produced gas quality 1s higher
than or equal to the threshold production quality for the first produced gas if the first produced gas

includes no more than a maximum allowable production amount of carbon dioxide for the first

produced gas.

4. The method as claimed in claim 3 wherein the maximum allowable production
amount of carbon dioxide included in the first produced gas 1s about 2 percent carbon dioxide by

volume of the first produced gas.

5. The method as claimed in claim 3 wherein the first produced gas quality is higher
than or equal to the threshold injection quality for the first produced gas if the first produced gas

includes no more than a maximum allowable injection amount of carbon dioxide for the first

produced gas.

6. The method as claimed in claim 3 wherein the second produced gas quality is

higher than or equal to the threshold production quality for the second produced gas if the second

produced gas includes no more than a maximum allowable production amount of carbon dioxide

for the second produced gas.

7. The method as claimed in claim 6 wherein the maximum allowable production

amount of carbon dioxide included in the second produced gas 1s about 2 percent carbon dioxide

by volume of the second produced gas.

8. The method as claimed in claim 6 wherein amounts of the first produced gas and

the second produced gas are combined to provide a combined produced gas having a combined
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produced gas quality and wherein the combined produced gas quality is higher than or equal to a

threshold production quality for the combined produced gas if the combined produced gas includes

no more than a maximum allowable production amount of carbon dioxide for the combined

produced gas.

The method as claimed in claim 8 wherein the maximum allowable production

amount of carbon dioxide included in the combined produced gas is about 2 percent carbon

dioxide by volume of the combined produced gas.

5
9.
10 10.
(2)
15
(h)
20
(1)
25

11.

The method as claimed in claim 6, further comprising:

injecting an amount of the second produced gas into a third subterranean zone at a
third injection location associated with the third subterranean zone, wherein the
second produced gas quality of the injected second produced gas is higher than or

equal to a threshold injection quality for the second produced gas;

producing a third produced gas from the third subterranean zone at a third
production location associated with the third subterranean zone, wherein the third
production location 1s spaced from the third injection location, wherein the third
produced gas has a third produced gas quality, and wherein the third produced gas
quality changes over time following breakthrough of the third displacing gas at the

second production location; and
collecting an amount of the third produced gas, wherein the third produced gas

quality of the collected third produced gas is higher than or equal to a threshold
production quality for the third produced gas.

The method as claimed in claim 10 wherein the second produced gas quality is

higher than or equal to the threshold injection quality for the second produced gas if the second

30  produced gas includes no more than a maximum allowable injection amount of carbon dioxide for

the second produced gas.
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12. The method as claimed in claim 10 wherein the third produced gas quality is higher
than or equal to the threshold production quality for the third produced gas if the third produced

gas includes no more than a maximum allowable production amount of carbon dioxide for the

third produced gas.

13. The method as claimed in claim 12 wherein the maximum allowable production
amount of carbon dioxide included in the third produced gas is about 2 percent carbon dioxide by

volume of the third produced gas.

14. The method as claimed in claim 12 wherein amounts of the first produced gas, the
second produced gas and the third produced gas are combined to provide a combined produced gas
having a combined produced gas quality and wherein the combined produced gas quality 1s higher
than or equal to a threshold production quality for the combined produced gas if the combined

produced gas includes no more than a maximum allowable production amount of carbon dioxide

for the combined produced gas.

13. The method as claimed in claim 14 wherein the maximum allowable production
amount of carbon dioxide included in the combined produced gas i1s about 2 percent carbon

dioxide by volume of the combined produced gas.

16. The method as claimed in claim 2 wherein the displacing gas 1s further comprised
of a secondary displacing gas which has a relatively lower solubility 1n water than does carbon

dioxide.

17. The method as claimed in claim 16 wherein the first produced gas quality is higher
than or equal to the threshold production quality for the first produced gas if the first produced gas
includes no more than a maximum allowable production amount of the secondary displacing gas

for the first produced gas and no more than a maximum allowable production amount of carbon

dioxide for the first produced gas.

18. The method as claimed in claim 17 wherein the first produced gas quality is higher

than or equal to the threshold injection quality for the first produced gas if the first produced gas
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includes no more than a maximum allowable injection amount of carbon dioxide for the first

produced gas.

19. The method as claimed in claim 17 wherein the second produced gas quality 1s
higher than or equal to the threshold production quality for the second produced gas if the second
produced gas includes no more than a maximum allowable production amount of the secondary

displacing gas for the second produced gas and no more than a maximum allowable production

amount of carbon dioxide for the second produced gas.

20. The method as claimed in claim 19 wherein amounts of the first produced gas and
the second produced gas are combined to provide a combined produced gas having a combined
produced gas quality and wherein the combined produced gas quality 1s higher than or equal to a
threshold production quality for the combined produced gas if the combined produced gas includes
no more than a maximum allowable production amount of the secondary displacing gas and no

more than a maximum allowable production amount of carbon dioxide for the combined produced

gas.

21. The method as claimed in claim 19, further comprising:

(g) injecting an amount of the second produced gas into a third subterranean zone at a
third injection location associated with the third subterranean zone, wherein the
second produced gas quality of the injected second produced gas is higher than or

equal to a threshold injection quality for the second produced gas;

(h) producing a third produced gas from the third subterranean zone at a third
production location associated with the third subterrancan zone, wherein the third

production location 1s spaced from the third injection location, wherein the third
produced gas has a third produced gas quality, and wherein the third produced gas
quality changes over time following breakthrough of the third displacing gas at the

second production location; and
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(1) collecting an amount of the third produced gas, wherein the third produced gas
quality of the collected third produced gas is higher than or equal to a threshold
production quality for the third produced gas.

22. The method as claimed in claim 21 wherein the second produced gas quality 1s
higher than or equal to the threshold injection quality for the second produced gas if the second
produced gas includes no more than a maximum allowable injection amount of carbon dioxide for

the second produced gas.

23. The method as claimed in claim 21 wherein the third produced gas quality 1s higher
than or equal to the threshold production quality for the third produced gas if the third produced
gas includes no more than a maximum allowable production amount of the secondary displacing
gas for the third produced gas and no more than a maximum allowable production amount of

carbon dioxide for the third produced gas.

24, The method as claimed in claim 23 wherein amounts of the first produced gas, the
second produced gas and the third produced gas are combined to provide a combined produced gas
having a combined produced gas quality and wherein the combined produced gas quality 1s higher
than or equal to a threshold production quality for the combined produced gas if the combined
produced gas includes no more than a maximum allowable production amount of the secondary
displacing gas and no more than a maximum allowable production amount of carbon dioxide for

the combined produced gas.

23. The method as claimed in claim 2 wherein the displacing gas is further comprised
of a secondary displacing gas selected from the group of gases consisting of hydrocarbon gas,

nitrogen and mixtures thereof.

26. The method as claimed in claim 2 wherein the displacing gas is further comprised

of a secondary gas and wherein the secondary gas 1s nitrogen.

27. The method as claimed in claim 26 wherein the first produced gas quality is higher
than or equal to the threshold production quality for the first produced gas if the first produced gas

-6 -
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includes no more than a maximum allowable production amount of nitrogen for the first produced

oas,

28. The method as claimed in claim 27 wherein the maximum allowable production
amount of nitrogen in the first produced gas i1s about 20 percent nitrogen by volume of the first

produced gas.

29. The method as claimed in claim 27 wherein the displacing gas is flue gas.

30. The method as claimed in claim 27 wherein the first produced gas quality 1s higher
than or equal to the threshold injection quality for the first produced gas if the first produced gas

includes no more than a maximum allowable injection amount of carbon dioxide for the first

produced gas.

31. The method as claimed in claim 30 wherein the displacing gas is flue gas.

32. The method as claimed in claim 31, further comprising injecting an amount of the
flue gas into the second subterranean zone at the second injection location if the first produced gas

quality 1s not higher than or equal to the threshold injection quality for the first produced gas.

33. The method as claimed in claim 31, further comprising injecting an amount of air
into the second subterrancan zone at the second injection location if the first produced gas quality

1s not higher than or equal to the threshold injection quality for the first produced gas.

34, The method as claimed in claim 27 wherein the second produced gas quality is
higher than or equal to the threshold production quality for the second produced gas if the second

produced gas includes no more than a maximum allowable production amount of nitrogen for the

second produced gas.

35. The method as claimed in claim 34 wherein the maximum allowable production
amount of nitrogen in the second produced gas is about 20 percent nitrogen by volume of the

second produced gas.
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36. The method as claimed in claim 34 wherein the displacing gas is flue gas.

37. The method as claimed in claim 34 wherein amounts of the first produced gas and
the second produced gas are combined to provide a combined produced gas having a combined
produced gas quality and wherein the combined produced gas quality is higher than or equal to a
threshold production quality for the combined produced gas if the combined produced gas includes

no more than a maximum allowable production amount of nitrogen for the combined produced

gas.

38. The method as claimed in claim 37 wherein the maximum allowable production
amount of nitrogen included in the combined produced gas is about 20 percent nitrogen by volume

of the combined produced gas.

39. The method as claimed in claim 37 wherein the displacing gas is flue gas.

40. The method as claimed in claim 34, further comprising:

(g) injecting an amount of the second produced gas into a third subterranean zone at a
third 1njection location associated with the third subterranean zone, wherein the
second produced gas quality of the injected second produced gas is higher than or

equal to a threshold injection quality for the second produced gas;

(h) producing a third produced gas from the third subterrancan zone at a third
production location associated with the third subterranecan zone, wherein the third
production location is spaced from the third injection location, wherein the third
produced gas has a third produced gas quality, and wherein the third produced gas
quality changes over time following breakthrough of the third displacing gas at the

second production location; and
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(1) collecting an amount of the third produced gas, wherein the third produced gas
quality of the collected third produced gas is higher than or equal to a threshold
production quality for the third produced gas.

41. The method as claimed in claim 40 wherein the second produced gas quality 1s
higher than or equal to the threshold injection quality for the second produced gas if the second

produced gas includes no more than a maximum allowable injection amount of carbon dioxide for

the second produced gas.

42, The method as claimed in claim 41 wherein the displacing gas 1s flue gas.

43, The method as claimed in claim 42, further comprising injecting an amount of the
flue gas into the second subterranean zone at the second injection location if the first produced gas

quality is not higher than or equal to the threshold injection quality for the first produced gas.

44, The method as claimed in claim 42, further comprising injecting an amount of air
into the second subterranean zone at the second injection location if the first produced gas quality

is not higher than or equal to the threshold injection quality for the first produced gas.

45. The method as claimed in claim 39 wherein the third produced gas quality 1s higher
than or equal to the threshold production quality for the third produced gas if the third produced

oas includes no more than a maximum allowable production amount of nitrogen for the third

produced gas.

46. The method as claimed in claim 45 wherein the maximum allowable production

amount of nitrogen in the third produced gas is about 20 percent nitrogen by volume of the third

produced gas.

47. The method as claimed in claim 45 wherein the displacing gas 1s flue gas.

48. The method as claimed in claim 45 wherein amounts of the first produced gas, the

second produced gas and the third produced gas are combined to provide a combined produced gas

_9.
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having a combined produced gas quality and wherein the combined produced gas quality 1s higher
than or equal to a threshold production quality for the combined produced gas if the combined

produced gas includes no more than a maximum allowable production amount of nitrogen for the

combined produced gas.

49, The method as claimed 1n claim 48 wherein the maximum allowable production

amount of nitrogen included 1n the combined produced gas 1s about 20 percent nitrogen by volume

of the combined produced gas.

50. The method as claimed 1n claim 46 wherein the displacing gas is flue gas.

51. The method as claimed 1n claim 2 wherein the displacing gas 1s further comprised
of a secondary gas and wherein the secondary gas i1s a hydrocarbon gas selected from the group of

hydrocarbon gases consisting of methane, ethane, propane, butane and mixtures thereof.

52. The method as claimed in claim 51 wherein the first produced gas quality 1s higher
than or equal to the threshold production quality for the first produced gas if the first produced gas

includes no more than a maximum allowable production amount of carbon dioxide for the first

produced gas.

53. The method as claimed 1n claim 52 wherein the maximum allowable production

amount of carbon dioxide in the first produced gas 1s about 2 percent carbon dioxide by volume of

the first produced gas.

34. The method as claimed 1n claim 52 wherein the first produced gas quality i1s higher

than or equal to the threshold injection quality for the first produced gas if the first produced gas

includes no more than a maximum allowable 1njection amount of carbon dioxide for the first

produced gas.

53. The method as claimed in claim 54, further comprising injecting an amount of flue
gas 1nto the second subterranean zone at the second injection location if the first produced gas

quality 1s not higher than or equal to the threshold injection quality for the first produced gas.

- 10 -
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56. The method as claimed in claim 54, further comprising injecting an amount of air

into the second subterranean zone at the second injection location if the first produced gas quality

1s not higher than or equal to the threshold injection quality for the first produced gas.

57. The method as claimed 1n claim 54 wherein the second produced gas quality is
higher than or equal to the threshold production quality for the second produced gas if the second
produced gas includes no more than a maximum allowable production amount of carbon dioxide

for the second produced gas.

58. The method as claimed in claim 57 wherein the maximum allowable production

amount of carbon dioxide in the second produced gas is about 2 percent carbon dioxide by volume

of the second produced gas.

59. The method as claimed in claim 57 wherein amounts of the first produced gas and
the second produced gas are combined to provide a combined produced gas having a combined
produced gas quality and wherein the combined produced gas quality is higher than or equal to a
threshold production quality for the combined produced gas if the combined produced gas includes

no more than a maximum allowable production amount of carbon dioxide for the combined

produced gas.

60. - The method as claimed 1n claim 59 wherein the maximum allowable production

amount of carbon dioxide included in the combined produced gas is about 2 percent carbon

dioxide by volume of the combined produced gas.

61. The method as claimed in claim 57, further comprising:

(g) Injecting an amount of the second produced gas into a third subterranean zone at a
third 1njection location associated with the third subterranean zone, wherein the
second produced gas quality of the injected second produced gas is higher than or

equal to a threshold injection quality for the second produced gas;

-11 -
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(h) producing a third produced gas from the third subterranean zone at a third
production location associated with the third subterranean zone, wherein the third

production location 1s spaced from the third injection location, wherein the third

produced gas has a third produced gas quality, and wherein the third produced gas
quality changes over time following breakthrough of the third displacing gas at the

second production location; and

(1) collecting an amount of the third produced gas, wherein the third produced gas
quality of the collected third produced gas 1s higher than or equal to a threshold
production quality for the third produced gas.

62. The method as claimed in claim 61 wherein the second produced gas quality is

“higher than or equal to the threshold injection quality for the second produced gas if the second

produced gas includes no more than a maximum allowable injection amount of carbon dioxide for

the second produced gas.

63. The method as claimed in claim 62, further comprising injecting an amount of flue

gas 1nto the second subterranean zone at the second injection location if the first produced gas

quality 1s not higher than or equal to the threshold injection quality for the first produced gas.

64. The method as claimed in claim 62, further comprising injecting an amount of air
Iinto the second subterranean zone at the second injection location if the first produced gas quality

1s not higher than or equal to the threshold injection quality for the first produced gas.

63. The method as claimed in claim 61 wherein the third produced gas quality is higher
than or equal to the threshold production quality for the third produced gas if the third produced

gas includes no more than a maximum allowable production amount of carbon dioxide for the

third produced gas.

66. The method as claimed in claim 65 wherein the maximum allowable production

amount of carbon dioxide 1n the third produced gas is about 2 percent carbon dioxide by volume of

the third produced gas.

- 12 -
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67. The method as claimed in claim 65 wherein amounts of the first produced gas, the
second produced gas and the third produced gas are combined to provide a combined produced gas
having a combined produced gas quality and wherein the combined produced gas quality 1s higher
than or equal to a threshold production quality for the combined produced gas if the combined

produced gas includes no more than a maximum allowable production amount of carbon dioxide

for the combined produced gas.

68. The method as claimed in claim 67 wherein the maximum allowable production
amount of carbon dioxide included in the combined produced gas is about 2 percent carbon

dioxide by volume of the combined produced gas.

- 13 -
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