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(57) Abstract: The present invention in certain embodiments is directed to a catalytic substrate suitable for use in a number of ap-
plications, including as a substrate in a catalytic converter. Another aspect of the present invention is a filtering substrate suitable for
use in a number of applications, including as a substrate in a particulate filter, such as a diesel particulate filter (DPF), or diesel par-
ticulate trap (DPT). The invention also provides an improved substrate for removing and/or eliminating pollutants from the exhaust
of combustion engines. The catalytic substrate and filtering substrate provide, in certain embodiments, improvements in removing
pollutants from an exhaust gas. The improvements include one or more of the following: faster light-off period, depth filtration of
PM, less backpressure, lower probability of clogging, ability to be placed in multiple locations in the exhaust system including the
manifold or the head itself, high probability of catalytic reaction, high conversion ratios of NOx, HC, and CO, a faster burnoff of
PM, minimization of catalyst material use, and the like.
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NONWOVEN COMPOSITES AND RELATED PRODUCTS
AND METHODS

Background Of The Invention

Field of the Invention

10002] This invention relates to substrates useful for catalyzing particular
reactions and for filtering particulate matter, and to embodiments related
thereto, such as but not limited to the treatment of emissions from internal
combustion engines, and more specifically to catalyst/substrate combinations
useful in emissions control and related processes and to related products and
methods of manufacture. 1t 1s believed that embodiments of the invention
described herein materially enhances the quality of the environment of
mankind by contributing to the restoration or maintenance of one or more
basic life-sustaining natural elements, including air, water, and/or soil. The
invention and embodiments thereof are more fully described below in the

Brief Summary of the Invention and Detailed Description sections.
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Exhaust, Industry, and Pollution

[0003] Engines produce much of the power and mechanical work used across
the globe. The internal combustion engine is perhaps the most widespread
device, as it 1s more efficient than an external combustion engine, such as
those that existed on old-fashioned trains and steamboats. With internal
combustion engines, combustion of the fuel takes place internally. Such
engines produce motion and power used for any number of purposes.
Examples include motor vehicles, locomotives, marne applications,
recreational vehicles, tractors, construction equipment, generators, power
plants, manufacturing facilities, and industrial equipment. Fuels ﬁsed to
power internal combustion engines include, but are not limited to gasoline,
compressed gas, diesel, ethanol, and vegetable oil. Inherent inefficiencies in
engine mechanics and the fuels used to power  them result in emissions of
various pollutants. Thus, while they are a great innovation and convenience,
the millions of engines used throughout the world today represent a substantial
source of air pollution. . |

[0004] There are two main types of pollutants produced by internal
combustion engines: particulate and nonparticulate. Particulate pollution is
generally small solids and liquid particles. Examples include carbonaceous
soot and ash, dust, and other related particles. Nonparticulate pollutants
include gases and small molecules, such as carbon monoxide, nitrogen oxides,
sulfur oxides, unburned hydrocarbons, and volatile organic compounds.
Particulate pollutants can bé filtered from the exhaust and, in certain
situations, further burned off. Nonparticulate pollutants are converted to
nonpollutants. Both kinds of pollutants can also be produced from non-engine
sources, such as “off-gas™ chemical reactions and evaporative emissions.

[0005] Air pollution can cause serious health problems for people and the
environment. Ground-level ozone and airborne particles are the two pollutants
that pose one of the greatest threats to human health in this country. Ozone
(O3), can irritate the respiratory system, causing coughing, irritation in the
throat, and/or a burning sensation in the respiratory airways. Ozone
contributes to the formation of smog. Ozone can also reduce lung function,

causing feelings of chest tightness, wheezing and shortness of breath, and can
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agoravate asthma. Particle pollution, is composed of microscopic solids or
liquid droplets that are small enough to get deep nto the lungs and cause
serious health problems. When exposed to these small particles, people may
experience nose and throat irritation, lung damage and bronchitis, and can
increase their risk of heart or lung disease. Short-term effects of air pollutants
include irritation to the eyes, nose, and throat. Upper respiratory infections
such as bronchitis and pneumonia may also result. Other symptoms can
include headaches, nausea, and allergic reactions. Long-term health effects can
include chronic respiratory disease, lung cancer, heart disease, and even
damage to the brain, nerves, liver, or Kidneys. Continual exposure to air
pollution affects the lungs of growing children and may aggravate or
complicate medical conditions in the elderly.

[0006] Medical conditions arising from air pollution can be very expensive.
Healthcare costs, lost productivity in the workplace, and human welfare
impacts cost billions of dollars each year. Understanding the health effects of
pollution and finding means to ameliorate, prevent, or eliminate pollution
would not only enhance the overall respiratory health of the population but
would also decrease the substantial burden and cost borne by the healthcare
systeni.

[0007] For all of these reasons, governments, environmental agencies, and
various industries have committed to reducing the level of air pollution
emitted from various sources. Government agencies are the principal bodies
setting emissions standards and implementing regulations. In the European
Union (EU), regulations stem from European Community legislation;
individual countries enforce the regulations. For instance, most EU states
have taxes on sources that produce excessive air pollution. A recent
development was the Kyoto Protocol, which called for worldwide reductions
in greenhouse gases. Many nations, including the EU, ratified the protocol.
The EU, Japan, and U.S. have enacted some of the most stringent standards
worldwide, but many other countries, including Argentina, Brazil, Mexico,
Korea, Thailand, India, Singapore, and Australia, have all enacted regulations
on air pollution. In the U.S., there are many difierent groups that affect
regulations in certain geographies, such as: state environmental agencies (e.g.,

California Air Resources Board (CARB)), national parks, forest agencies, and
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the Mine Safety and Health Administration. Some states and metropolitan
areas that have failed national ambient air quality standards (NAAQS) have
been designated as “non-attainment areas” and implement standards of their
own. CARB has historically been one of the strictest agencies regulating air
pollution in the U.S.. The chief U.S. regulatory agency, however, i1s the
Environmental Protection Agency (EPA). It was created by the Nixon
administration in the 1970 amendments to the Clean Air Act (CAA) of 1963.
The Clean Air Act is the comprehensive Federal law that regulates air
emissions from area, stationary, and mobile sources. (See, e.g., 42 U.S.C. SS
7401 et seq. (1970) of the Clean Air Act). The Clean Air Act has had five
major amendments, the most recent of which was in 1990. The 1990
amendments to the Clean Air Act in large part were intended to meet
unaddressed or insufficiently addressed problems such as acid rain, ground-
level ozone, stratospheric ozone depletion, and air toxics. These amendments
required the :EPA to issue 175 new regulations, including automotive
emissions, gasoline reformation, uses of ozone depleting chemicals, etc.

[0008] Following the Clean Air Act legislation, the EPA set regulations for
pollutants that are or could be harmful to people. This set of “criteria
pollutants” includes: (1) ozone (O3); (2) lead (Pb); (3) nitrogen dioxide (NOy);
(4) cérbon monoxide (CO); (5) particulate matter (PM); and (6) sulfur dioxide
(SO,). Each criteria pollutant is described in turn.

[0009] Ground-level ozone (a primary constituent of smog) continues to be a
pollution problem in the U.S. Ozone is not emitted directly into the air but 1s
formed by the reaction of volatile organic compounds (VOCs) or reactive
organic gases (ROGs) and nitrogen oxides (NOX) in the presence of heat and
sunlight. VOCs/ROGs are emitted from a various sources including burning
fuels, and from solvents, petroleum processing, and pesticides, which come
from sources such as motor vehicles, chemical plants, refineries, factories,
consumer and commercial products, and other industrial sources. Nitrogen
oxides are emitted from motor vehicles, power plants, and other sources of
combustion. Ozone and the precursor pollutants that cause ozone also can be
carried miles from their original sources by wind. In 1997, the EPA revised

the national ambient air quality standards for ozone by replacing the 1-hour
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ozone 0.12 parts per million (ppm) standard with a new 8-hour 0.08 ppm
standard.

[0010] Nitrogen dioxide (NO,) is a reactive gas that can be formed by the
oxidation of nitric oxide (NO). Nitrogen oxides (NOx), the term used to
describe NO. NO,, and other oxides of nitrogen, play a major role in the
formation of ozone and smog. The major sources of man-made NOX
emissions include high-temperature combustion processes, such as those
occurring in automobiles, heavy construction equipment, and power plants.
Home heaters and gas stoves also produce substantial amounts of NOx.

[0011] Carbon monéxide (CO) is a colorless, odorless, and poisonous gas that
can be formed by incomplete combustion of carbon in fuels. Motor vehicle
exhaust contributes about 60% of CO emissions in the U.S. In cities, as much
as 95% of CO emissions may come from automobile exhaust. Other sources
of CO emissions include industrial processes, non-transportation fuel
combustion, and natural sources such as wildfires.

[0012] Particulate matter (PM) is a term used for a mixture of solid particles
and liquid droplets found in the air. Some particles are large or dark enough to
be seen as soot or smoke. Others are so small they can be detected only with
an electron microscope. These particles, which come in a wide range of sizes
("fine" particles are less than 2.5 micrometers in diameter and coarser particles
are larger than 2.5 micrometers), originate from many different stationary and
mobile sources as well as from natural sources. Fine particles (PM-2.5) result
from fuel combustion from motor vehicles, power generation, and industrial
facilities, as well as from residential fireplaces and wood stoves. Coarse
particles (PM-10) are generally emitted from sources such as vehicles
traveling on unpaved roads, materials handling equipment, and crushing and
orinding operations, as well as windblown dust. Some particles are emitted
directly from their sources, such as smokestacks and cars. In other cases,
gases such as sulfur oxide, SO, NOx, and VOC interact with other
compounds in the air to form fine particles. Their chemical and physical
compositions vary depending on location, time of year, and weather. In 1997,
the EPA added two new PM-2.5 standards, set at 15 micrograms per cubic
meter (WGA) and 65 ug/m’, respectively, for the annual and 24-hour

standards.
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[0013] Sulfur dioxide can be formed when fuel containing sulfur (such as coal
and oil) is burned, for example, during metal smelting and other industrial
Processes.

10014} The last criteria pollutant, lead, was historically produced from use of
leaded fuel in automobiles. As a result of regulatory efforts to reduce the
content of Pb in gasoline, the contribution from the transportation sectdr has
declined over the past decade. Today, metals processing is the major source of
Pb emissions to the atmosphere.

[0015] The Clean Air Act requires to EPA and states to develop plans to meet
national ambient air quality standards for these six criteria pollutants. Outside
of the six is a separate list of 188 “toxic air pollutants.” Examples of toxic air
pollutants include benzene, found in gasoline; perchloroethylene, emitted from
some dry cleaning facilities; and methylene chloride, used as a solvent and
paint stripper by a number of industries. Some air toxics are released from
natural sources, but most originate from anthropogenic sources, including both
mobile sources (e.g., cars, trucks, and buses) and stationary sources (e.g.,
factories, refineries, and power plants). The CAA required the EPA to have a
two-phased program for these 188 pollutants. The first phase consists of
identifying the sources of toxic pollutants and developing technology-based
standards to significantly reduce them. The EPA determined a list of over 900
stationary sources, which resulted in new air toxics emissions standards,
affecting many industrial sources, including: chemical plants, o1l refineries,
aerospace manufacturers, and steel mills, as well as smaller sources, such as
dry cleaners, commercial sterilizers, secondary lead smelters, and chromium
electroplating facilities. The second phase consists of strategies and programs
for evaluating the remaining risks and ensuring that the overall program has
achieved substantial reductions; this phase 1s still in progress.

[0016]) Internal combustion engines are directly affected by these regulations
since they emit criteria pollutants. These engines run on two fuel. The most
common types of fuel used are: gasoline and diesel. Each type of tfuel
contains complex mixtures of hydrocarbon compounds as well as traces of
many other materials, including sulfur. Even when burned completely, these
fuels produce pollutants. Moreover, because no engine is capable of “perfect”

combustion, some fuel is incompletely oxidized and therefore produces
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additional pollutants. Other types of fuel can also be used, for example,
ethanol mixtures, vegetable oils, and other fuels known 1n the art.

[0017] In gasoline engines, in order to reduce emissions, modern car engines
carefully control the amount of fuel they burn. They try to keep the air-to-fuel
ratio very close to the stoichiometric point, which 1s the calculated ideal ratio
of air to fuel. Theoretically, at this ratio, all of the fuel will be burned using all
of the oxygen in the air. The fuel mixture actually varies from the i1deal ratio
quite a bit during driving. Sometimes the mixture can be lean (e.g., an air-to-
fuel ratio higher than the typical value of 14.7), and other times the mixture
can be rich (e.g., an air-to-fuel ratio lower than 14.7). These deviations result
in various air €missions.

[0018] Significant emissions of a gasoline car engine include: nitrogen gas
(N,) (air is 78% N,); carbon dioxide (CO,), a combustion product; and water
vapor (H;O), another combustion product. These emissions are mostly benign
to humans (although excess levels of atmospheric CO, are believed to
contribute to global warming). Gasoline engines, however, also produce
carbon monoxide, nitrogen oxides, and unburned hydrocarbons, all of which
are included in the EPA's criteria pollutants (unburned hydrocarbons torm part
of the ozone formation mechanism, along with NOX).

[0019] Diesel engines also contribute to the criteria pollutants. These engines
use hydrocarbon fractions that auto-ignite when compressed sufficiently in the
presence of oxygen. In general, diesel combusting within a cylinder produce
sreater amounts of particulate matter and the pollutants nitrogen and sulfur
oxides (NOy and SOy respectively) than does gasoline. Even so, diesel
mixtures are generally lean, with relatively abundant amounts of oxygen
present. Consequently, the combustion of smaller hydrocarbons is usually
more complete, producing less carbon monoxide than gasoline. Longer chain
hydrocarbons are more difficult to burn completely and can result in the
formation of particulate residues such as carbon “soot.”

[0020] Despite these drawbacks, fossil fuels are relatively abundant, easy to
handle, and economical. Thus, these fuels will continue to represent a
significant source of mechanical power and pollution for years to coime.
Moreover, the pervasiveness of the internal combustion engine indicates how

fossil fuels will continue to be a necessary source of energy.
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[0021]

[0022]

There are at least three markets of internal combustion engines that
produce significant air pollution: 1) mobile, on-road engines, equipment, and
vehicles 2) mobile, non-road engines, equipment, and vehicles and 3)
stationary or “point” sources. In each of these markets, government agencies
and other organizations have dictated restrictions on levels of air pollution.
These restrictions have become increasingly stringent as the number of
internal combustion engines in use proliferates and more is learned about the
harm caused by air pollution. The ever-tightening regulations have required
industries to continuously research, develop, and invest in new emissions
control technologies, ffom fuel formulations to engine redesign, to after
treatment devices. These technologies vary in both effectiveness and cost but
have become essential in order for companies to comply with regulations. No
single emissions control technology has been able to remove all relevant

pollutants, so multiple technologies often have to be used together in order to

-enable a particular type of vehicle or equipment to meet regulatory emission

limits. These markets, their regulations, and the technologies on which they
rely are described in the following paragraphs. The technolpgies, including
their benefits and drawbacks, are described in more detaii following this
section. While the sections focusxon U.S. engines, equipment, and vehicles,
other geographies have similar products and regulations. For instance, the EU
has similar market sizes but focuses more on selective catalytic reduction than
exhaust gas recirculation as a diesel emission control technology, uses
catalytic converters in a greater percentage of its small, off-road engines, and
has a much larger percentage of diesel engines in light duty vehicles. Other
geographies have their own characteristic differences from the U.S., but
essentially use the same types of equipment and restrict the same types of air
pollutants.

The mobile, on-road engines, equipment, and vehicles include, but are
not limited to, passenger cars, pickup trucks, minivans, sport-utility vehicles
(SUVs), buses, delivery trucks, semi-trucks, passenger vans, and two or three-
wheeled motorcycles designed for on-road use. These markets historically
have lead the way in emissions control and continue to do so today by

following regulations that dictate Jower levels of air pollutants.
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[0023] The car and truck markets are divided by weights. Those under 8,500
pounds Gross Vehicle Weight Rating (GVWR) are considered light duty
vehicles. Vehicles between 8,500 and 10,000 Ibs GVWR that are designed for
passenger transport are considered medium duty vehicles. Vehicles over
8.500 Jbs GVWR that are not designed for personal use are labeled as heavy-
duty vehicles.

[0024] Passenger cars and light-duty vehicles were previously regulated by
vehicle weight and fuel type but will be regulated in one group in future
standards. Less than 1% of ~17 million new passenger cars and light-duty
vehicles produced in the United States use diesel engines. Passenger cars and
light-duty vehicles includes those made by manufacturers such as Ford,
General Motors (GM), DaimlerChrysler, BMW, Honda, Hyundai, Daewoo,
First Automobile Group, Toyota, Nissan, SAIC-Chevy and Subaru.

[0025] Regulations on passenger cars and light-duty vehicles have existed for
decades but have recently become much more stringent. The Tier 2 standards,
phasing in from model year (MY) 2004-2009, require original equipment
manufacturers (OEMs) to certify their fleet into certain “bins” of standards
and to maintain a corporate average for NOx emissions. Vehicles under
6.0001bs GVWR must be fully compliant by 2007, those from 6,000-8,500 Ibs
and MDVs must be compliant by 2009. Pollutants included in the standards
include: NOx, formaldehyde (HCHO), CO, PM, and non-methane organic
gases. California has historically had tighter regulations than the EPA, and
other states, including New Jersey, New York, Vermont, Maine, and
Massachusetts, have joined in California's even lower emissions levels for new
and used vehicles. Manufacturers who ’ do not meet the standards are
essentially prohibited from producing their vehicles in these markets, and are
fined for ones discovered on the market. In the aftermarket, states regulate
cars and light duty vehicles’ emissions through inspection and maintenance
(/M) programs. These programs are often created from state implementation
plans (SIPs) required in national ambient air quality (NAAQ) non-attainment
areas. Meeting both new vehicle and aftermarket standards requires the use of
emission control technologies, often in parallel.

[0026] Historically, three-way catalytic converters have had widespread use 1n

cars and light-duty vehicles. Recent improvements in these converters (such
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as increased substrate porosity, an optimized washcoat, reduced catalyst
loading, etc), have yielded incremental improvements in emissions control. To
meet the newest set of U.S. regulations, manufacturers will likely increase
catalyst loading or the number of substrates per vehicle. Cars in use that do
not meet inspection/maintenance standards have to replace the faulty
technology or purchase additional devices. Other emission control devices
include, but are not limited to, advanced injection systems (such as injection
timing, injection pressure, rate shaping, common rail injection, and electronic
controls), changed combustion chamber design (such as higher compression
ratios, piston geometry, and injector location), variable valve timing, catalytic
converters, and filters.

[0027] Heavy-duty vehicles (HDV) include both private and commercial
trucks and buses over 8,500 lbs GVWR. The vast majority of these engines
run on diesel fuel: over 300,000 are produced each year in the U.S..
Manufacturers and engine suppliers include, but are not limited to, Cummuns,
Caterpillar, Detroit Diesel, GM, Mack/Volvo, International/Navistar, Sterling,
Western Star, Kenworth, and Peterbilt. Other companies offering other
emission control technologies for the aftermarket include, but are not limited
to, Donaldson, Engelhard, Johnson Matthey, Lubrizol, Fleetguard, Cleaire,
Clean Air Partners, and Engine Control Systems.

[0023] Heavy-duty trucks are facing rigorous emissions-reducing standards
for PM, NOx, CO, and non-methane hydrocarbons (NMHC). The PM
standard takes effect in 2007, while NOx and NMHC standards phase-in from
2007-2010. Similar to light duty vehicles, California, along with certain other
states and metropolitan areas, has often enacted tighter emissions standards
than the EPA. For vehicles that do not meet standards, the manufacturers are
prohibited from selling them. Non-compliance penalties for NOx range up to
$12,000 per vehicle, based on size and compliance effort. While other
industries, such as locomotive, marine, agriculture, and construction use
highly similar engines to those in heavy-duty vehicles, the HDV market has
faced the tightest emission standards. Meanwhile, some states and
metropolitan areas (such as California, New York City, and Seattle) require
additional retrofits or offer incentives for retrofits to further bring down

pollution levels. ~ These areas have certified technologies that meet the
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approved levels and qualifications. Examples include Donaldson’s diesel
oxidation catalyst muffler and diesel particulate filter, Cleaire’s diesel
oxidation catalyst and diesel particulate filter, and Johnson Matthey’s
continuously regenerating technology particulate filter.

[0029] Emissions control technologies used to meet these standards and for
retrofits include, but are not limited to, advanced injection systems (Injection
timing, injection pressure, rate shaping, common rail injection, electronic
controls), exhaust gas recirculation, changes in combustion chamber design
(higher compression ratios, piston geometry, and injector location), advanced
turbocharging, ACERT, diesel particulate filters, NOX adsorbers, selective
catalytic reduction, conventional catalytic converters, catalytic exhaust
mufflers, and diesel oxidation catalysts. Meeting the 2007 standards has
initiated new research and development on many of these emission control
technologies. There has been tremendous cost and effort put into determining
an emissions control solution for 2007 HDVs.

[0030] Motorcycles are another type of mobile, on-road vehicle and include
both two and three-wheeled motorcycles designed for on-road use.
Motorcycles primarily use gasoline fuel. Manutacturers include, but are not
limited to: Harley Davidson, BMW, Honda, Kawasaki, Triumph, Tianjin
Gangtian, Lifan Motorcycle, and Yamaha. Regulations for on-road
motorcycles were adopted in 1978 and then left unrevised through 2003, when
new standards following those in California were agreed upon. Pollutants
monitored in the new standards include HC, NOx, and CO.

[0031] Emissions control technologies for motorcycles include, but are not
limited to, conversion of 2-stroke engines to 4-stroke, advanced injection
systems (injection timing, injection pressure, rate shaping, common rail
injection, and electronic controls), pulse air systems, changed combustion
chamber design (higher compression ratios, piston geometry, and injector
location), and use of catalytic converters. Limitations 1n motorcycles’
emissions control technologies are different than those in light or heavy-duty
vehicles. Motorcycles focus more on the appearance, placement, and heat of
aftertreatment devices, as there are fewer places to “hide” the device and the

passenger is in much closer proximity to the exothermic oxidation reaction.
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[0032] The mobile, non-road engines, equipment, and vehicles category
includes, but is not limited to, engines for agriculture, construction, mining,
lawn and garden, personal watercraft, boats, commercial ships, locomotives,
aircraft, snowmobiles, off-road motorcycles, and ATVs.

[0033] Small engines emit significant levels of air pollution for their size; they
are the largest single contributor to nonroad HC inventories. Small engine
equipment includes, but is not limited to, leaf blowers, trimmers, brush cutters,
chainsaws, lawn mowers, engine riding mowers, wood splitters, snowblowers,
and chippers. Engine and equipment manutacturers include, but are not
limited to, John Deere, Komatsu, Honda, Ryobi, Electrolux (Husqvarna and
Poulan, also supplies Craftsman), Fuji, Tecumseh, Stihl, American Yard
Products, and Briggs and Stratton.

[0034] The EPA began regulating small engines in 1993 (Phase 1) with
standards that went into effect in 1997 and continued to reduce emission levels
with new standards in 2002 (Phase II). The standards divide the equipment '
into handheld and non-handheld categories and categorize it based on different
engine displacements. The regulations focus on hydrocarbons and nitrogen
oxides emissions.

[0035] Emissions control technologies include, but are not limited to, use of a
catalyst (i.e., John Deere’s LE technology and Komatsu’s “Stratified
Scavenged” design), converting 2-stroke engines to 4-stroke, advanced
injection systems (injection timing, injection pressure, rate shaping, common
rail injection, electronic controls), or changing combustion chamber design
(higher compression ratios, piston geometry, and injector location).

[0036] The recreational vehicle markets include off-highway motorcycles,
snowmobiles, and all-terrain vehicles (ATVs). These are made Dby
manufacturers and engine suppliers such as:

[0037] Honda, John Deere Kawasaki, Mitsubishi Motors, Nissan, Toyota,
Yanmar, Arctic Cat, Bombardier, Brunswisk, International Powercrait,
Polaris, Suzuki, and Yamaha.

[0038] The EPA began regulating recreational vehicles later than many other
markets, though California had regulations in place beforehand. EPA has
phase-ins from 2006-2009 for snowmobiles, and 2006-2007 for off-highway
motorcycles and ATVs. The regulated pollutants include HC, CO, and NOxX.
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Emission control technologies for recreational vehicles include, but are not
limited to, converting 2-stroke engines to 4-stroke, advanced injection systems
(injection timing, injection pressure, rate shaping, common rail injection,
electronic controls), pulse air, or changing combustion chamber design (higher
compression ratios, piston geometry, and 1njector location).

[0038]) In mining, regulations are established by the Mine Safety and Health
Administration. Mining is often considered one of the most taxing
environments for equipment, due to the high levels of vibration, impact, and
dust. Temperature and flammability are also larger concerns in mining.
Diesel oxidation catalyst have been retrofitted on some mining equipment,
while diesel particulate filters are becoming more common.

[0039] In the agriculture and construction markets, the EPA regulates both
spark—ignition and compression-ignition engines. These can be used 1In
tractors, forklifts, bulldozers, electric generators, pavers, rollers, trenchers,
drill rigs, mixers, cranes, balers, compressors, etc. Manufacturers of engines
and equipment include, but are not limited to: Agco, Komatsu, CNH Global,
Caterpillar, Cummins, Daewoo, John Deere & Co, Dueutz, Detroit Diesel, and
Kubota.

[0040] The EPA began regulating the diesel portion of these engines in 1994
(Tier 1) and has more recently increased the standards with Tier 2 (phased in
from 2001-2006). The standards are slated to increase again with Tier 3 levels
from 2006-2008. The Tier 3 levels will likely require the use of emissions
control devices similar to those used on heavy-duty vehicles (such as tractor-
trailers). The gasoline, liquid propane gas, or compressed natural gas (CNG)
engines used in agriculture and construction applications have also had recent
changes in regulations. Tier 1 levels began in 2004 and match those adopted
earlier by CARB; Tier 2 levels are expected to start in 2007. A voluntary
program for vehicles with lower emissions than the standards exists, named
“Blue Skies Series.” Based on engine size and fuel type, the levels of
particulates, carbon monoxide, nitrogen oxides, and non-methane
hydrocarbons all must be significantly reduced for current phase-ins and for
shortly forthcoming standards.

[0041] Emissions control technologies are similar to those used on heavy-duty

vehicles and includes, but is not limited to, advanced injection systems
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(injection timing, injection pressure, rate shaping, common rail 1njection,
electronic controls), exhaust gas recirculation, changes in combustion chamber
design (higher compression ratios, piston geometry, and injector location),
advanced turbocharging, ACERT, diesel particulate filters, NOX adsorbers,
selective catalytic reduction, conventional catalytic converters, catalytic
exhaust mufflers, and diesel oxidation catalysts. Exhaust gas recirculation
(EGR) has been problematic due to its tendency to create sulfuric acid
formation in the engine’s intake. It also requires cooling, which necessitates a
larger radiator, and thus a larger nose on the vehicle, creating aerodynamic and
fuel economy constraints.

[0042] In marine applications, engines can generally be divided by use of
gasoline or diesel fuel, personal or commercial use, or by engine size. Marine
units range from personal watercratt, to yachts, to ferries, to tugs and ocean-
soing ships. Manufacturers and engine suppliers include, but are not limited
to: Bombardier (Evinrude, Johnson, Ski Doo, Rotax, ete), Caterpillar,
Cummins, Detroit Diesel, GM, Isuzu, Yanmar, Alaska Diesel, Daytona
Marine, Marine Power, Atlantic Marine, Bender Shipbuilding, Bollinger
Shipyards, VT Halter Marine, Eastern Shipbuilding, Gladding-Hearn,
JeffBoat, Main Iron Works, Master Boat, Patti Shipyard, Quality shipyards,
and Verret Shipyard, MAN B&W Diesel, Wartsila, Mitsubishi, Bath lron
Works, Electric Boat, Northrop Grumman (includes Avondale, Ingalls, and
Newport News Shipyards).

[0043] The EPA regulates boats whether they are recreational, private, or
commercial. The major category divisions are based on engine displacement,
from recreational vehicles to tankers. Diesel marine non-recreational boats
under thirty liter (30L) displacement, including fishing boats, tugboats,
towboats, dredgers, and cargo vessels, have new standards for NOx and PM
ooing into effect between 2004 and 2007, depending on engine size. Diesel
marine non-recreational boats over 30L, including container ships, tankers,
bulk carriers, and cruise ships, have NOx standards going into effect in 2004
(Tier 1) and additional HC, PM, and CO standards in 2007 (Tier 2). Diesel
marine recreational boats, including yachts, cruisers, and other types of
pleasure craft, have standards matching those of diesel marine non-

recreational boats under 30L displacement, but have later implementation

14



CA 02563802 2006-10-20
WO 2005/113126 PCT/US2004/012963

dates, ranging from 2006-2009 based on engine size. Gasoline and diesel
boats only have regulations currently applying HC emissions 1n outboard
engines, personal watercraft, and jetboats. Sterndrive and inboard engines are
inherently cleaner and are not yet regulated.

[0044] Emissions control technologies are similar to those used on heavy-duty
vehicles and include, but are not limited to, using “green terminals” when the
boat is at dock, conversion from 2-stroke to 4-stroke engines, water
aftercooling, exhaust gas recirculation, diesel particulate filters, selective
catalytic reduction, diesel oxidation catalyst, catalytic converters, advanced
fuel injection (injection timing, injection pressure, rate shaping, common rail
injection, electronic controls), advanced turbocharging, variable valve timing,
and changing the combustion chamber design (higher compression ratios,
piston geometry, and injector location). Using smaller engines for auxiliary
power (e.g., auxiliary power unit, APU) also helps to control emissions.
While salt water and its associated pollutants and cooling effect on boats
present difficulties in aftertreatment, the APU may work well with an
aftertreatment device.

[0045] The locomotive market relies principally on diesel fuel (coal and
wood-fired have limited use) and includes trains used in freight and passenger
rail, line-haul, local, and switch yard service. There are over 600 trains
produced each year in the U.S. Manufacturers and engine suppliers include,
but are not limited to, GM’s Electromotive Division, GE Transportation
Systems, Caterpillar, Detroit Diesel, Cummins, MotovePower, Peoria
Locomotive Works, Republic Locomotives, Trinity, Greenbrier, and CSX.

[0046] Regulations on trains began in 2000 and largely imitated those of
heavy-duty vehicles. The standards include levels for newly produced
engines, as well as for engines that are remanufactured (which occurs
approximately ever 4-8 years) and vary based on whether the engine 1s for
switch or line-haul purposes. Tier O applies to engine model years (MY) from
1973-2001, Tier 1 to MY2002-2004, and Tier 2 to MY2005 and later. A non-
compliance penalty can range up to $25,000 per engine per day. The
pollutants regulated include particulate matter, NOx, HC, CO, and smoke

opacity.
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[0047] Emissions control technologies are similar to those used on heavy-duty
vehicles and include, but are not limited to, advanced injection systems
(injection timing, injection pressure, rate shaping, common rail 1njection,
electronic controls), exhaust gas recirculation, changes to combustion chamber
design (higher compression ratios, piston geometry, and injector location),
selective catalytic reduction, diesel oxidation catalysts, and aftercoolers, split
cooling, zeolite sieves, and NOx reduction catalysts. Using a smaller,
auxiliary power unit is also becoming an emissions control strategy, one which
has fewer restrictions around the use of an aftertreatment device

[0048] The aircraft market includes all types of aircraft, including planes
made by Boeing, Airbus, Cessna, Gulfstream, and Lockheed Martin, among
others. Both the EPA and European Union follow the International Civil
Aviation Organization’s (ICAO) emissions standards. The EPA adopted
ICAO’s current standards for CO and NOX in gas turbine engines in 1997,
having adopted their HC levels in 1984. In the U.S., the FAA monitors and
enforces these standards. Much of the emissions control is done through
engine technologies and fuel changes.

[0049] Stationary sources include those sources of pollution that are non-
mobile. The EPA has issued rules covering over 80 categories of major
industrial sources, including power plants, chemical plants, oil refineries,
aerospace manufacturers, and steel mills, as well as categories of smaller
sources, such as dry cleaners, commercial sterilizers, secondary lead smelters,
and chromium electroplating facilities. Power plants can use stationary diesel
engines, stationary gas turbines, and nuclear power, among other sources.
Each of these sources produces different pollutants; for instance, nuclear
power plants produce iodine and hydrogen, gas turbines produce NOx, CO,
SOx, CH4, and VOCs, and refineries produce gaseous vapors, CO, NOX,
VOCs, C0O2, CH4, and PM. Each industry requires different control
technologies to reduce air emissions.

[0050] EPA regulations cover the six criteria pollutants and the additional 188
toxic air pollutants. Specific programs implemented include the Acid Rain
Program, designed to reduce sulfur emissions and the Ozone Transport
Commission's NOx Budget Program, designed to reduce NOX emissions.

RECLAIM is a program established for trading NOx and SOx credits. In
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addition, cap and trade programs have been implemented in some industries
and geographies, allowing companies to trade their emission credits.

[0051] The technology used to control emissions from stationary sources
varies widely, but examples include filters, scrubbers, sorbents, selective
catalytic reduction (SCR), precipitators, zero-slip catalysts, catalysts for
turbines, or oxidation catalysts. Some of the suppliers of emissions control
systems to stationary markets include: M+W Zander, Crystall, Jacobs E.,
Takasogo, IDC, ADP, Marshall, Bechtel, Megte, Angui, Adwest, Eisenmann,
Catalytic Products, LTG, Durr, Siemens, Alston. Catalyst suppliers include:
Nikki, BASF, Cormetech, W.R. Grace, Johnson Matthey, UOP, and Sud
Chemie.

[0052] Due to the importance of improving air quality and complying with
relevant laws and regulations, substantial time, money, and effort have been
invested in technologies capable of reducing emissions. Three general areas
of technology include, a) engine improvements, b) fuel improve<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>