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(54) Aftertreatment system for simultaneous emissions control in stationary rich burn engines

(57) A catalyst system (100,111) may include a
three-way catalyst (120) that may receive exhaust gases
from an engine (110) and convert the exhaust gases to
first converted exhaust gases. An ammonia slip catalyst
(130) may receive the first converted exhaust gases and

convert the first converted exhaust gases to second con-
verted exhaust gases. A hydrocarbon oxidation catalyst
(140) may receive the second converted exhaust gases
and convert the second converted exhaust gases to third
converted exhaust gases.
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Description

TECHNICAL FIELD

[0001] The present disclosure relates to emissions
controls for internal combustion engines generally and
in particular to methods and systems for simultaneous
emissions control in stationary rich bum engines.

BACKGROUND

[0002] Internal combustion engines are ideally operat-
ed in a way that the combustion mixture contains air and
fuel in the exact relative proportions required for a stoi-
chiometric combustion reaction (i.e., where the fuel is
burned completely.) A rich-burn engine may operate with
a stoichiometric amount of fuel or a slight excess of fuel,
while a lean-burn engine operates with an excess of ox-
ygen (O2) compared to the amount required for stoichi-
ometric combustion. The operation of an internal com-
bustion engine in lean mode may reduce throttling losses
and may take advantage of higher compression ratios
thereby providing improvements in performance and ef-
ficiency. Rich bum engines have the benefits of being
relatively simple, reliable, stable, and adapt well to
changing loads. Rich bum engines may also have lower
nitrogen oxide emissions, but at the expense of increased
emissions of other compounds.
[0003] In order to comply with emissions standards,
many rich burn internal combustion engines utilize cata-
lysts, such as non-selective catalytic reduction (NSCR)
subsystems (commonly known as three-way catalysts).
Catalysts may reduce emissions of the nitrogen oxides
NO and NO2 (collectively NOx), carbon monoxide (CO),
ammonia (NH3), methane (CH4), other volatile organic
compounds (VOC), and other compounds and emissions
components by converting such emissions components
to less toxic substances. This conversion is performed
in a catalyst component using catalyzed chemical reac-
tions. Catalysts can have high reduction efficiencies and
can provide an economical means of meeting emissions
standards (often expressed in terms of grams of emis-
sions per brake horsepower hour (g/bhp-hr)). Separate
catalyst components or devices may be included in the
exhaust pathway of a rich bum engine to convert different
emissions components. For example, one catalyst com-
ponent may convert carbon monoxide and NOx while
another may convert ammonia and methane.
[0004] In the oxidation process, the resulting substanc-
es generated by a catalyst component may require fur-
ther conversion by a subsequent catalyst. For example,
a catalyst component may convert carbon monoxide and
NOx generated by an engine into ammonia, which may
then be converted by another catalyst component. In a
rich burn engine, controlling carbon monoxide and NOx
emissions poses many challenges, one of which is op-
erating the engine within an operating window of air/fuel
proportions that allows the catalyst components to per-

form optimally, reducing emissions to the maximum ex-
tent possible. The air/fuel proportion window is relatively
narrow, thus hindering the ability to operate the engine
at a richer bum that would reduce NOx emissions.

BRIEF DESCRIPTION OF THE INVENTION

[0005] In an exemplary non-limiting embodiment, a
catalyst system may include a three-way catalyst that
may receive exhaust gases from an engine and convert
the exhaust gases to first converted exhaust gases. An
ammonia slip catalyst may receive the first converted ex-
haust gases and convert the first converted exhaust gas-
es to second converted exhaust gases. A hydrocarbon
oxidation catalyst may receive the second converted ex-
haust gases and convert the second converted exhaust
gases to third converted exhaust gases.
[0006] In another exemplary non-limiting embodiment,
a method is disclosed for receiving exhaust gases from
an engine at a three-way catalyst and converting the ex-
haust gases to first converted exhaust gases. An ammo-
nia slip catalyst may receive the first converted exhaust
gases and converting the first converted exhaust gases
to second converted exhaust gases. A hydrocarbon ox-
idation catalyst may receive the second converted ex-
haust gases and convert the second converted exhaust
gases to third converted exhaust gases.
[0007] In another exemplary non-limiting embodiment,
an engine may include an internal combustion compo-
nent that generates exhaust gases. A three-way catalyst
may receive the exhaust gases and convert the exhaust
gases to first converted exhaust gases. An ammonia slip
catalyst may receive the first converted exhaust gases
and convert the first converted exhaust gases to second
converted exhaust gases. A hydrocarbon oxidation cat-
alyst may receive the second converted exhaust gases
and convert the second converted exhaust gases to third
converted exhaust gases.
[0008] The foregoing summary, as well as the following
detailed description, is better understood when read in
conjunction with the drawings. For the purpose of illus-
trating the claimed subject matter, there is shown in the
drawings examples that illustrate various embodiments;
however, the invention is not limited to the specific sys-
tems and methods disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] These and other features, aspects, and advan-
tages of the present subject matter will become better
understood when the following detailed description is
read with reference to the accompanying drawings,
wherein:

Figure 1 is a block diagram of a non-limiting exem-
plary rich-burn engine and catalyst system.

Figure 2 is a block diagram of another non-limiting
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exemplary rich-burn engine and catalyst system.

Figure 3 is a block diagram of another non-limiting
exemplary rich-burn engine and catalyst system.

Figure 4 is a flowchart illustrating a method of imple-
menting a non-limiting exemplary rich-burn engine
and catalyst system.

DETAILED DESCRIPTION OF THE INVENTION

[0010] Figure 1 illustrates exemplary system 100, in-
cluding engine 110 and catalyst system 111, that may
be implemented according to an embodiment. Note that
the entire system 100 may also be referred to as an "en-
gine". System 100 is a simplified block diagram that will
be used to explain the concepts disclosed herein, and
therefore is not to be construed as setting forth any phys-
ical requirements or particular configuration required for
any embodiment disclosed herein. All components, de-
vices, systems and methods described herein may be
implemented with or take any shape, form, type, or
number of components, and any combination of any such
components that are capable of implementing the dis-
closed embodiments. All such embodiments are contem-
plated as within the scope of the present disclosure.
[0011] Engine 110 may be any type of internal com-
bustion engine or any device, component, system that
includes an internal combustion component that gener-
ates exhaust gases. In an embodiment, engine 110 may
be a natural gas fueled internal combustion engine con-
figured to operate with a stoichiometric amount of fuel or
a slight excess of fuel in proportion to oxygen (i.e., rich).
Catalyst system 111 may include catalyst components
120, 130, and 140, with catalyst system midpoints 171,
172, and 173, and exhaust point 174. Catalyst system
midpoints 171, 172, and 173 may be any pipe, connec-
tion, or any other component, or any section or subsec-
tion thereof, of system 100 that separates or is otherwise
configured between two catalyst components (e.g., cat-
alyst components 120, 130, and 140). Engine 110 may
exhaust gases through catalyst system 111 in the direc-
tion indicated by exhaust flow 101, i.e., from engine 110
through catalyst system midpoint 171 and into catalyst
component 120, from catalyst component 120 through
catalyst system midpoint 172 and into catalyst compo-
nent 130, etc., until gases are ultimately exhausted at
exhaust point 174. Each of catalyst components 120,
130, and 140 may convert received exhaust gases to
converted exhaust gases as described herein.
[0012] In an embodiment, engine 110 is a rich bum
engine exhausting gases via catalyst system midpoint
171 into catalyst component 120. In this embodiment,
catalyst component 120 may be a non-selective catalytic
reduction (NSCR) subsystem, commonly referred to as
a three-way catalyst. Where catalyst component 120 is
a three-way catalyst, catalyst component 120 may re-
duce CO and hydrocarbon emissions using an oxidation

process, while also reducing NOx emissions using a re-
duction process.
[0013] Gases exhausted into catalyst component 120
by engine 110 may include NOx, carbon monoxide, and
ammonia. Catalyst component 120 may convert some
or all of the NOx that enters catalyst component 120 into
one or more other compounds, such as methane and
ammonia. These generated compounds may be convert-
ed to other compounds using additional catalyst system
components, as described herein. While some exhaust
components entering catalyst component 120, such as
carbon monoxide and ammonia, may be converted into
other compounds by catalyst component 120, at least
some of these compounds may be not be converted to
another compound by catalyst component 120 and may
be exhausted from catalyst component 120 through cat-
alyst system midpoint 172 and into catalyst component
130.
[0014] Catalyst component 130 may be an ammonia
slip catalyst that may address ammonia that is emitted
from catalyst component 120 unreacted. In an embodi-
ment, catalyst component 130 may be a dual layer cat-
alyst with low precious metal loading and/or a zeolite
coating. In such embodiments, a dual layer catalyst may
be configured with two catalysts, each performing differ-
ent functions, coated or otherwise configured on the
same substrate. For example, in an embodiment catalyst
component 130 may be an ammonia slip catalyst that
has a precious metal loading and a zeolite coating on a
same substrate. The precious metal loading used in cat-
alyst component 130 may be a lower loading than a typ-
ical diesel oxidation catalyst and/or a typical three-way
catalyst. Catalyst component 130 may oxidize the am-
monia and carbon monoxide received from catalyst com-
ponent 120 to dinitrogen (N2, commonly referred to as
simply "nitrogen") and carbon dioxide (CO2), respective-
ly. In an embodiment, air may be added into the exhaust
flow at catalyst system midpoint 172 before the exhaust
enters catalyst component 130 by injecting air into the
flow with mid-bed air injection component 150. This add-
ed air may improve and/or assist in the oxidation proc-
esses performed at catalyst component 130 and/or cat-
alyst component 140. Mid-bed air injection component
150 may be any means, component, device, or combi-
nation thereof capable of introducing additional air into
the exhaust stream, and all such embodiments are con-
templated as within the scope of the present disclosure.
[0015] While catalyst component 130 may successful-
ly convert the received ammonia and carbon monoxide
to less toxic compounds, other compounds, some of
which may be unburnt hydrocarbons exhausted from en-
gine 110, may be not be converted to another compound
by catalyst component 130 and may be exhausted from
catalyst component 130 through catalyst system mid-
point 173 and into catalyst component 140. In some em-
bodiments, methane may be included in the exhaust flow
from catalyst component 130 to catalyst component 140
as a remnant of hydrocarbons not burnt by engine 110.
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[0016] Catalyst component 140 may be a hydrocarbon
oxidation catalyst that may address unburnt hydrocar-
bons and/or any other unreacted emissions that are emit-
ted from catalyst component 130. Catalyst component
140 may contain precious metals such as platinum (Pt)
and palladium (Pd). In some embodiments, the ratio of
Pd to Pt may be greater than one. In an embodiment,
catalyst component 140 may convert methane into car-
bon dioxide, as well as converting other hydrocarbons
into less toxic compounds. The converted exhaust, at
this point much less toxic, is exhausted from system 100
at exhaust point 174.
[0017] Figure 2 illustrates exemplary system 200, in-
cluding engine 210 and catalyst system 211, that may
be implemented according to an embodiment. Note that
the entire system 200 may also be referred to as an "en-
gine". System 200 is a simplified block diagram that will
be used to explain the concepts disclosed herein, and
therefore is not to be construed as setting forth any phys-
ical requirements or particular configuration required for
any embodiment disclosed herein. All components, de-
vices, systems and methods described herein may be
implemented with or take any shape, form, type, or
number of components, and any combination of any such
components that are capable of implementing the dis-
closed embodiments. All such embodiments are contem-
plated as within the scope of the present disclosure.
[0018] Engine 210 may be any type of internal com-
bustion engine or any device, component, system that
includes an internal combustion component that gener-
ates exhaust gases. In an embodiment, engine 210 may
be a natural gas fueled internal combustion engine con-
figured to operate with a stoichiometric amount of fuel or
a slight excess of fuel in proportion to oxygen (i.e., rich).
Catalyst system 211 may include catalyst components
220, 230, and 240, with catalyst system midpoints 271,
272, and 273, and exhaust point 274. Catalyst system
midpoints 271, 272, and 273 may be any pipe, connec-
tion, or any other component, or any section or subsec-
tion thereof, of system 200 that separates or is otherwise
configured between two catalyst components (e.g., cat-
alyst components 220, 230, and 240). Engine 210 may
exhaust gases through catalyst system 211 in the direc-
tion indicated by exhaust flow 201, i.e., from engine 210
through catalyst system midpoint 271 and into catalyst
component 220, from catalyst component 220 through
catalyst system midpoint 272 and into catalyst compo-
nent 230, etc., until gases are ultimately exhausted at
exhaust point 274. Each of catalyst components 220,
230, and 240 may convert received exhaust gases to
converted exhaust gases as described herein.
[0019] In an embodiment, engine 210 is a rich bum
engine exhausting gases via catalyst system midpoint
271 into catalyst component 220. In this embodiment,
catalyst component 220 may be a three-way catalyst as
described herein. Where catalyst component 220 is a
three-way catalyst, catalyst component 220 may reduce
CO and hydrocarbon emissions using an oxidation proc-

ess, while also reducing NOx emissions using a reduction
process.
[0020] Gases exhausted into catalyst component 220
by engine 210 may include NOx, carbon monoxide, and
ammonia. Catalyst component 220 may convert some
or all of the NOx that enters catalyst component 220 into
one or more other compounds, such as methane and
ammonia. These generated compounds may be convert-
ed to other compounds using additional catalyst system
components, as described herein. While some exhaust
components entering catalyst component 220, such as
carbon monoxide and ammonia, may be converted into
other compounds by catalyst component 220, at least
some of these compounds may be not be converted to
another compound by catalyst component 220 and may
be exhausted from catalyst component 220 through cat-
alyst system midpoint 272 and into catalyst component
230.
[0021] Catalyst component 230 may be an ammonia
slip catalyst that may address ammonia that is emitted
from catalyst component 120 unreacted. In an embodi-
ment, catalyst component 230 may be a dual layer cat-
alyst with low precious metal loading and a zeolite coat-
ing. In such embodiments, a dual layer catalyst may be
configured with two catalysts, each performing different
functions, coated or otherwise configured on the same
substrate. For example, in an embodiment catalyst com-
ponent 230 may be an ammonia slip catalyst that has a
precious metal loading and a zeolite coating on a same
substrate. The precious metal loading used in catalyst
component 230 may be a lower loading than a typical
diesel oxidation catalyst and/or a typical three-way cat-
alyst. Catalyst component 230 may oxidize the ammonia
and carbon monoxide received from catalyst component
220 to dinitrogen (N2, commonly referred to as simply
"nitrogen") and carbon dioxide (CO2), respectively.
[0022] While catalyst component 230 may successful-
ly convert the received ammonia and carbon monoxide
to less toxic compounds, other compounds, some of
which may be unburnt hydrocarbons exhausted from en-
gine 210, may be not be converted to another compound
by catalyst component 230 and may be exhausted from
catalyst component 230 through catalyst system mid-
point 273 and into catalyst component 240. In some em-
bodiments, methane may be included in the exhaust flow
from catalyst component 230 to catalyst component 240
as a remnant of hydrocarbons not burnt by engine 210.
In an embodiment, air may be added into the exhaust
flow at catalyst system midpoint 273 before the exhaust
enters catalyst component 240 by injecting air into the
flow with mid-bed air injection component 260. This add-
ed air may improve and/or assist in the oxidation proc-
esses performed at catalyst component 240. Mid-bed air
injection component 260 may be any means, component,
device, or combination thereof capable of introducing ad-
ditional air into the exhaust stream, and all such embod-
iments are contemplated as within the scope of the
present disclosure.
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[0023] Catalyst component 240 may be a hydrocarbon
oxidation catalyst that may address unburnt hydrocar-
bons and/or any other unreacted emissions that are emit-
ted from catalyst component 230. Catalyst component
240 may contain precious metals such as platinum (Pt)
and palladium (Pd). In some embodiments, the ratio of
Pd to Pt may be greater than one. In an embodiment may
convert methane into carbon dioxide, as well as convert-
ing other hydrocarbons into less toxic compounds. The
converted exhaust, at this point much less toxic, is ex-
hausted from system 200 at exhaust point 274.
[0024] Figure 3 illustrates exemplary system 300, in-
cluding engine 310 and catalyst system 311, that may
be implemented according to an embodiment. Note that
the entirely of system 300 may also be referred to as an
"engine". System 300 is a simplified block diagram that
will be used to explain the concepts disclosed herein,
and therefore is not to be construed as setting forth any
physical requirements or particular configuration re-
quired for any embodiment disclosed herein. All compo-
nents, devices, systems and methods described herein
may be implemented with or take any shape, form, type,
or number of components, and any combination of any
such components that are capable of implementing the
disclosed embodiments. All such embodiments are con-
templated as within the scope of the present disclosure.
[0025] Engine 310 may be any type of internal com-
bustion engine or any device, component, system that
includes an internal combustion component that gener-
ates exhaust gases. In an embodiment, engine 310 may
be a natural gas fueled internal combustion engine con-
figured to operate with a stoichiometric amount of fuel or
a slight excess of fuel in proportion to oxygen (i.e., rich).
Catalyst system 311 may include catalyst components
320, 330, and 340, with catalyst system midpoints 371,
372, and 373, and exhaust point 374. Catalyst system
midpoints 371, 372, and 373 may be any pipe, connec-
tion, or any other component, or any section or subsec-
tion thereof, of system 300 that separates or is otherwise
configured between two catalyst components (e.g., cat-
alyst components 320, 330, and 340). Engine 210 may
exhaust gases through catalyst system 211 in the direc-
tion indicated by exhaust flow 301, i.e., from engine 310
through catalyst system midpoint 371 and into catalyst
component 320, from catalyst component 320 through
catalyst system midpoint 372 and into catalyst compo-
nent 330, etc., until gases are ultimately exhausted at
exhaust point 374. Each of catalyst components 320,
330, and 340 may convert received exhaust gases to
converted exhaust gases as described herein.
[0026] In an embodiment, engine 310 is a rich bum
engine exhausting gases via catalyst system midpoint
371 into catalyst component 320. In this embodiment,
catalyst component 320 may be a three-way catalyst as
described herein. Where catalyst component 320 is a
three-way catalyst, catalyst component 220 may reduce
CO and hydrocarbon emissions using an oxidation proc-
ess, while also reducing NOx emissions using a reduction

process.
[0027] Gases exhausted into catalyst component 320
by engine 310 may include NOx, carbon monoxide, and
ammonia. Catalyst component 320 may convert some
or all of the NOx that enters catalyst component 320 into
one or more other compounds, such as methane and
ammonia. These generated compounds may be convert-
ed to other compounds using additional catalyst system
components, as described herein. While some exhaust
components entering catalyst component 320, such as
carbon monoxide and ammonia, may be converted into
other compounds by catalyst component 320, at least
some of these compounds may be not be converted to
another compound by catalyst component 320 and may
be exhausted from catalyst component 320 through cat-
alyst system midpoint 372 and into catalyst component
330.
[0028] Catalyst component 330 may be an ammonia
slip catalyst that may address ammonia that is emitted
from catalyst component 120 unreacted. In an embodi-
ment, catalyst component 330 may be a dual layer cat-
alyst with low precious metal loading and a zeolite coat-
ing. In such embodiments, a dual layer catalyst may be
configured with two catalysts, each performing different
functions, coated or otherwise configured on the same
substrate. For example, in an embodiment catalyst com-
ponent 330 may be an ammonia slip catalyst that has a
precious metal loading and a zeolite coating on a same
substrate. The precious metal loading used in catalyst
component 330 may be a lower loading than a typical
diesel oxidation catalyst and/or a typical three-way cat-
alyst. Catalyst component 330 may oxidize the ammonia
and carbon monoxide received from catalyst component
320 to dinitrogen (N2, commonly referred to as simply
"nitrogen") and carbon dioxide (CO2), respectively. In this
embodiment, air may be added into the exhaust flow at
catalyst system midpoint 372 before the exhaust enters
catalyst component 330 by injecting air into the flow with
mid-bed air injection component 350. This added air may
improve and/or assist in the oxidation processes per-
formed at catalyst component 330 and/or catalyst com-
ponent 340. Mid-bed air injection component 350 may
be any means, component, device, or combination there-
of capable of introducing additional air into the exhaust
stream, and all such embodiments are contemplated as
within the scope of the present disclosure. While catalyst
component 330 may successfully convert the received
ammonia and carbon monoxide to less toxic compounds,
other compounds, some of which may be unburnt hydro-
carbons exhausted from engine 310, may be not be con-
verted to another compound by catalyst component 330
and may be exhausted from catalyst component 330
through catalyst system midpoint 373 and into catalyst
component 340. In some embodiments, methane may
be included in the exhaust flow from catalyst component
330 to catalyst component 340 as a remnant of hydro-
carbons not burnt by engine 310. In this embodiment,
more air may be added into the exhaust flow at catalyst
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system midpoint 373 before the exhaust enters catalyst
component 340 by injecting air into the flow at a second
point, in an embodiment with mid-bed air injection com-
ponent 360. This added air may improve and/or assist in
the oxidation processes performed at catalyst compo-
nent 340. Mid-bed air injection component 360 may be
any means, component, device, or combination thereof
capable of introducing additional air into the exhaust
stream, and all such embodiments are contemplated as
within the scope of the present disclosure.
[0029] Catalyst component 340 may be a hydrocarbon
oxidation catalyst that may address unburnt hydrocar-
bons and/or any other unreacted emissions that are emit-
ted from catalyst component 330. Catalyst component
340 may contain precious metals such as platinum (Pt)
and palladium (Pd). In some embodiments, the ratio of
Pd to Pt may be greater than one. In an embodiment,
catalyst component 140 may convert methane into car-
bon dioxide, as well as converting other hydrocarbons
into less toxic compounds. The converted exhaust, at
this point much less toxic, is exhausted from system 300
at exhaust point 374.
[0030] Figure 4 illustrates exemplary, non-limiting
method 400 of implementing an embodiment as dis-
closed herein. Method 400, and the individual actions
and functions described in method 400, may be per-
formed by any one or more devices or components, in-
cluding those described herein, such as the systems il-
lustrated in Figures 1-3. In an embodiment, method 400
may be performed by any other devices, components, or
combinations thereof, in some embodiments in conjunc-
tion with other systems, devices and/or components.
Note that any of the functions and/or actions described
in regard to any of the blocks of method 400 may be
performed in any order, in isolation, with a subset of other
functions and/or actions described in regard to any of the
other blocks of method 400 or any other method de-
scribed herein, and in combination with other functions
and/or actions, including those described herein and
those not set forth herein. All such embodiments are con-
templated as within the scope of the present disclosure.
[0031] At block 410, exhaust gases may be received
at a catalyst system. At block 420, components of the
received exhaust gases may be converted to less toxic
components using a three-way catalyst. For example,
NOx may be converted into one or more other com-
pounds, such as methane and ammonia. While some
exhaust components may be converted into other com-
pounds at block 420, at least some of received gases
may be not be converted to another compound and may
be exhausted to be converted by another catalyst com-
ponent.
[0032] At block 430, air may be injected into the ex-
haust stream exhausted by the three-way catalyst per-
forming conversion at block 420, in an embodiment by a
mid-bed air injection component. This added air may im-
prove and/or assist in the oxidation processes performed
at block 440. The mid-bed air injection component may

be any means, component, device, or combination there-
of capable of introducing additional air into the exhaust
stream, and all such embodiments are contemplated as
within the scope of the present disclosure. Note that in
some embodiments, no air may be injected at this point
and the function of block 430 may be omitted.
[0033] At block 440 exhaust gasses may be received
and converted at an ammonia slip catalyst. The ammonia
slip catalyst may be a dual layer catalyst with low precious
metal loading and/or a zeolite coating. The ammonia slip
catalyst may oxidize ammonia and carbon monoxide re-
ceived from the three-way catalyst into dinitrogen (N2,
commonly referred to as simply "nitrogen") and carbon
dioxide (CO2), respectively.
[0034] At block 450, air may be injected into the ex-
haust stream exhausted by the ammonia slip catalyst
performing conversion at block 440, in an embodiment
by a mid-bed air injection component. This added air may
improve and/or assist in the oxidation processes per-
formed at block 460. The mid-bed air injection component
may be any means, component, device, or combination
thereof capable of introducing additional air into the ex-
haust stream, and all such embodiments are contemplat-
ed as within the scope of the present disclosure. Note
that in some embodiments, no air may be injected at this
point and the function of block 450 may be omitted. Em-
bodiments that include any number of mid-bed air injec-
tion components or functions, locating anywhere within
a catalyst system, as well as embodiments that do not
use any mid-bed air injection, are contemplated as within
the scope of the present disclosure.
[0035] At block 460 exhaust gasses may be received
and converted at hydrocarbon oxidation catalyst. The hy-
drocarbon oxidation catalyst may convert methane into
carbon dioxide, and may convert other hydrocarbons into
less toxic compounds. The converted exhaust gases, at
this point much less toxic, are exhausted at block 470.
[0036] A beneficial effect of the systems and methods
set forth herein is the ability to meet all emissions regu-
lations using a single catalyst system with a rich-burn
engine. As will be appreciated by those skilled in the art,
the use of the disclosed processes and systems may
reduce the emissions of such engines while enabling
them to run richly in a wider operating window, and there-
by exploit the advantages of rich-burn engines that were
previously out of reach due to emissions standards.
Those skilled in the art will recognize that the disclosed
catalyst systems and methods may be combined with
other systems and technologies in order to achieve even
greater emissions control and engine performance. All
such embodiments are contemplated as within the scope
of the present disclosure.
[0037] This written description uses examples to dis-
close the subject matter contained herein, including the
best mode, and also to enable any person skilled in the
art to practice the invention, including making and using
any devices or systems and performing any incorporated
methods. The patentable scope of this disclosure is de-
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fined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they have
structural elements that do not differ from the literal lan-
guage of the claims, or if they include equivalent struc-
tural elements with insubstantial differences from the lit-
eral languages of the claims.
[0038] Various aspects and embodiments of the
present invention are defined by the following numbered
clauses:

1. A system comprising:

a three-way catalyst that receives exhaust gas-
es from an engine and converts the exhaust gas-
es to first converted exhaust gases;

an ammonia slip catalyst that receives the first
converted exhaust gases and converts the first
converted exhaust gases to second converted
exhaust gases; and

a hydrocarbon oxidation catalyst that receives
the second converted exhaust gases and con-
verts the second converted exhaust gases to
third converted exhaust gases.

2. The system of clause 1, further comprising an air
injection component that injects air into the first con-
verted exhaust gases.

3. The system of any preceding clause, further com-
prising an air injection component that injects air into
the second converted exhaust gases.

4. The system of any preceding clause, wherein the
ammonia slip catalyst comprises a precious metal
loading and a zeolite coating.

5. The system of any preceding clause, wherein the
precious metal loading comprises at least one of plat-
inum or palladium.

6. The system of any preceding clause, wherein the
ammonia slip catalyst converts carbon monoxide in
the first converted exhaust gases to carbon dioxide.

7. The system of any preceding clause, wherein the
ammonia slip catalyst converts ammonia in the first
converted exhaust gases to nitrogen.

8. A method comprising:

receiving exhaust gases from an engine at a
three-way catalyst;

converting, at the three-way catalyst, the ex-
haust gases to first converted exhaust gases;

receiving the first converted exhaust gases at
an ammonia slip catalyst;

converting, at the ammonia slip catalyst, the first
converted exhaust gases to second converted
exhaust gases;

receiving the second converted exhaust gases
at a hydrocarbon oxidation catalyst; and

converting, at the hydrocarbon oxidation cata-
lyst, the second converted exhaust gases to
third converted exhaust gases.

9. The method of any preceding clause, further com-
prising injecting air into the first converted exhaust
gases.

10. The method of any preceding clause, further
comprising injecting air into the second converted
exhaust gases.

11. The method of any preceding clause, wherein
the ammonia slip catalyst comprises a precious met-
al loading and a zeolite coating.

12. The method of any preceding clause, wherein
the precious metal loading comprises at least one of
platinum or palladium.

13. The method of any preceding clause, wherein
converting, at the ammonia slip catalyst, the first con-
verted exhaust gases to the second converted ex-
haust gases comprises converting carbon monoxide
in the first converted exhaust gases to carbon diox-
ide.

14. The method of any preceding clause, wherein
converting, at the ammonia slip catalyst, the first con-
verted exhaust gases to the second converted ex-
haust gases comprises converting ammonia in the
first converted exhaust gases to nitrogen.

15. An engine comprising:

an internal combustion component that gener-
ates exhaust gases;

a three-way catalyst that receives the exhaust
gases and converts the exhaust gases to first
converted exhaust gases;

an ammonia slip catalyst that receives the first
converted exhaust gases and converts the first
converted exhaust gases to second converted
exhaust gases; and

a hydrocarbon oxidation catalyst that receives

11 12 



EP 2 778 363 A1

8

5

10

15

20

25

30

35

40

45

50

55

the second converted exhaust gases and con-
verts the second converted exhaust gases to
third converted exhaust gases.

16. The engine of any preceding clause, further com-
prising an air injection component that injects air into
the first converted exhaust gases.

17. The engine of any preceding clause, further com-
prising an air injection component that injects air into
the second converted exhaust gases.

18. The engine of any preceding clause, wherein the
ammonia slip catalyst comprises a precious metal
loading and a zeolite coating.

19. The engine of any preceding clause, wherein the
ammonia slip catalyst converts ammonia in the first
converted exhaust gases to nitrogen.

20. The engine of any preceding clause, wherein the
ammonia slip catalyst converts carbon monoxide in
the first converted exhaust gases to carbon dioxide.

Claims

1. A system (100,111) comprising:

a three-way catalyst (120) that receives exhaust
gases from an engine (110) and converts the
exhaust gases to first converted exhaust gases;
an ammonia slip catalyst (130) that receives the
first converted exhaust gases and converts the
first converted exhaust gases to second con-
verted exhaust gases; and
a hydrocarbon oxidation catalyst (140) that re-
ceives the second converted exhaust gases and
converts the second converted exhaust gases
to third converted exhaust gases.

2. The system (100,111) of claim 1, further comprising
an air injection component (150) that injects air into
the first converted exhaust gases.

3. The system (200,211) of either of claim 1 or 2, further
comprising an air injection component (260) that in-
jects air into the second converted exhaust gases.

4. The system (100,111) of any preceding claim,
wherein the ammonia slip catalyst (130) comprises
a precious metal loading and a zeolite coating.

5. The system (100,111) of claim 4, wherein the pre-
cious metal loading comprises at least one of plati-
num or palladium.

6. The system (100,111) of any preceding claim,

wherein the ammonia slip catalyst (130) converts
carbon monoxide in the first converted exhaust gas-
es to carbon dioxide.

7. The system (100,111) of claim 6, wherein the am-
monia slip catalyst (130) converts ammonia in the
first converted exhaust gases to nitrogen.

8. A method (400) comprising:

receiving (410) exhaust gases from an engine
at a three-way catalyst (120);
converting (420), at the three-way catalyst, the
exhaust gases to first converted exhaust gases;
receiving the first converted exhaust gases at
an ammonia slip catalyst (130);
converting (440), at the ammonia slip catalyst
(130), the first converted exhaust gases to sec-
ond converted exhaust gases;
receiving the second converted exhaust gases
at a hydrocarbon oxidation catalyst (140); and
converting (460), at the hydrocarbon oxidation
catalyst (140), the second converted exhaust
gases to third converted exhaust gases.

9. The method (400) of claim 8, further comprising in-
jecting air (430) into the first converted exhaust gas-
es.

10. The method (400) of either of claim 8 or 9, further
comprising injecting air (450) into the second con-
verted exhaust gases.

11. The method (400) of any of claims 8 to 10, wherein
the ammonia slip catalyst comprises a precious met-
al loading and a zeolite coating.

12. The method (400) of claim 11, wherein the precious
metal loading comprises at least one of platinum or
palladium.

13. The method (400) of any of claims 8 to 12, wherein
converting (440), at the ammonia slip catalyst (130),
the first converted exhaust gases to the second con-
verted exhaust gases comprises converting carbon
monoxide in the first converted exhaust gases to car-
bon dioxide.

14. The method (400) of any of claims 8 to 13, wherein
converting (440), at the ammonia slip catalyst (130),
the first converted exhaust gases to the second con-
verted exhaust gases comprises converting ammo-
nia in the first converted exhaust gases to nitrogen.

15. An engine (110) comprising:

an internal combustion component that gener-
ates exhaust gases; and a system (100,111) ac-
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cording to any of claims 1 to 7.

15 16 



EP 2 778 363 A1

10



EP 2 778 363 A1

11



EP 2 778 363 A1

12



EP 2 778 363 A1

13



EP 2 778 363 A1

14

5

10

15

20

25

30

35

40

45

50

55



EP 2 778 363 A1

15

5

10

15

20

25

30

35

40

45

50

55


	bibliography
	abstract
	description
	claims
	drawings
	search report

