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1 Introduction

Diesel engines are a major contributor to concentrations of submicron aerosols, CO, CO;, NOx,
SO, and hydrocarbons (HC) in underground coal and metal/nonmetal mines. The extensive use of
diesel-powered equipment in underground mines makes it challenging to control workers’
exposure to submicron aerosols and noxious gases emitted by those engines. In order to protect
workers, mines need to establish a comprehensive program based on a multifaceted and integrated
approach. This program should include a concerted effort to:

e Curtail emissions of the diesel particulate matter (DPM) and toxic gases at the source;
e Control pollutants after they are released in the underground mine environment; and
e Use administrative controls to reduce exposures of underground miners to pollutants.

Many of the technologies and strategies available to the coal and metal/nonmetal underground
mining industries to control exposures of underground miners to diesel pollutants are similar.
However, the differences in the U.S. regulations limiting DPM exposures of miners in
underground coal mines [66 Fed. Reg. 27864 (2001)'] and metal/nonmetal mines [71 Fed. Reg.
28924 (2006)] have a major bearing on how those technologies and strategies are implemented. In
underground coal mines, achieving compliance is based on implementing technologies developed
to control DPM and gaseous emissions directly at their source and providing sufficient quantities
of fresh air to dilute criteria gases emitted by diesel engines [61 Fed. Reg. 55411 (1996)]. In
contrast, the metal/nonmetal performance-based regulations enforce personal exposure limits
(PEL) and provide much more latitude in the selection of technologies and strategies to control
miners’ exposures to DPM and gases [MSHA 2008].

The eftort to reduce the exposure of underground miners to diesel pollutants requires the
involvement of several key departments of mining companies, including those responsible for
health and safety, engine/vehicle/exhaust aftertreatment maintenance, mine ventilation, and
production, as well as the departments responsible for acquiring vehicles, engines, exhaust
aftertreatment systems, fuel, and lubricating oil. Due to the complexity of this problem and the
involvement of personnel from various departments in an underground mine, a program
coordinator is crucial to the success of diesel control programs [McGinn et al. 2004; Conard et al.
2006; Schnakenberg 2006; Mischler and Colinet 2009]. The program coordinator must have
adequate knowledge of issues related to exposure to diesel aerosols and gases, as well as the
authority to coordinate all the efforts throughout various mine departments. The program

' Federal Register. See Fed. Reg. in references



coordinator must build a team of qualified personnel and solicit genuine support from workers as
well as from corporate and mine management.

The diesel pollutants control program plan and execution of this plan should be dynamic and based
on information gathered through surveillance efforts. This surveillance should include gathering
information on parameters pertinent to planning, execution, and coordination of the program (e.g.,
size of the diesel-powered fleet, role of diesel-powered equipment in the mining process, type of
engine emissions, contribution of diesel-powered equipment to exposure of underground miners to
DPM and criteria gases, quality of diesel fuel and lubricating oil, and ventilation supply and
demand). Surveillance efforts should also help to identify and quantify the extent of the problem,
identify and evaluate potential solutions, and identify and establish a hierarchy of potential
solutions. The adopted solutions should be instituted and implemented in a manner that takes the
costs and benefits into consideration. The surveillance efforts should be continued throughout the
implementation phase of the program, and the results should be used to constantly re-evaluate the
effectiveness of the program and adjust actions accordingly.

Establishing a hierarchy of solutions is critical to the success of a multifaceted diesel pollutants
control program. Certain technologies and strategies have a greater chance of success if their
implementation is preceded by implementation of the prerequisite solutions. For example, the first
step in retrofitting exhaust aftertreatment control systems to existing vehicles or equipment is to
implement an effective maintenance and fuel/lubricating-oil supply program. This will provide
sufficient information on engine emissions, quality of fuel and lubricating-oil, and lubricating oil
consumption to allow for adequate design and performance monitoring while avoiding damage to
the aftertreatment device(s) due to sulfate or ash formation.

A relatively wide variety of technologies and methodologies is available to the underground
mining industry to reduce exposures to DPM and toxic gases. Those that are effective in curtailing
DPM and toxic gaseous emissions at their source are discussed in detail in Section 2 of this
handbook. Correspondingly, a detailed description of effective technologies and strategies for
controlling pollutants after they are released in the underground mine environment is provided in
Section 3. The methods and tools for monitoring ambient concentrations and personal exposures of
underground miners to diesel particulate matter and toxic gases are described in Section 4. Various
administrative controls and practices available to the mining industry to reduce emissions and
exposures to DPM and toxic gases are discussed in Section 5.



2 Source Control of Diesel Particulate Matter (DPM) and Gases

2.1 Formation and Composition of Harmful Diesel Engines Emissions
2.1.1 Diesel Particulate Matter (DPM)

Introduction

The U.S. Environmental Protection Agency (U.S. EPA) defines diesel particulate matter
(DPM) as any material being emitted from a diesel engine that can be collected on a filter
through cooled and diluted exhaust (with the filter temperature held below 52°C, 126°F)
[EPA 2002a]. This definition generally corresponds with any solid matter emitted or any
liquid matter which is emitted or adsorbed onto the surface of these solid particles. This
largely includes four byproducts of diesel combustion: elemental carbon (EC), organic
carbon (OC), ash, and sulfuric compounds. These substances will quickly combine to form
DPM aerosols (see Figure 1).
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Figure 1. (left) A graphical depiction of the composition of diesel particulate matter and (right)
a microscopic image of a typical diesel particle agglomerate.

Diesel particles are, in general, one order of magnitude smaller than other respirable dust
aerosols in underground mines (typically less than one micron in size) [Kittelson 1998;
Cantrell and Volkwein 2001]. Due to their small size, DPM aerosols behave similarly to the
surrounding gases. They have much longer residence times in a mine atmosphere than larger
mechanically generated particles, which are removed from the atmosphere quite quickly by
gravitational settling. In addition, a large portion of diesel particles is deposited in the
human respiratory tract in comparison to larger aerosols. These small diesel aerosols will
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penetrate deeply into regions of the human lung where gas exchange occurs [Pietikéinen et
al. 2009; Morawska et al. 2005], potentially increasing the health risks associated with long-
term exposure to diesel aerosols. For these reasons, control of exposure to DPM particles is
both an important and challenging task. The following section outlines the composition and
formation of diesel particulate matter.

Elemental Carbon (EC)

Diesel engines function by allowing a mixture of fuel (a hydrocarbon, CxHy) and intake air,
which includes oxygen (O3), nitrogen (N2), and carbon dioxide (CQOy,), to ignite under high
temperatures and pressures formed by compression [Diesel 1895]. This form of combustion
allows overall cylinder conditions to be “lean”(fuel poor or oxygen rich), which promotes
good efficiency and, as a result, a high conversion of fuel (CxHy) into carbon dioxide (CO,)
and water vapor (H2O) [Heywood 1988c]. However, fuel injection (typically used in diesel
engines) also creates “rich” regions, or localized areas within the fuel injection plume that
lack the amount of oxygen necessary for proper combustion of fuel. If temperatures are hot
enough, fuel will burn without the presence of oxygen within these regions, creating charred
remains, or solid carbon soot [EPA 2001a].

Another term for this soot is elemental carbon (EC). Once the EC is formed, most of it will
combine with oxygen and burn during later stages of the combustion process [Kittelson et
al. 1986; EPA 2001a; Kittelson 1998]. However, the remainder will be emitted from the
engine exhaust as solid particulate matter, forming the core of a typical diesel-particle
agglomerate. The formation of EC during combustion and expulsion is therefore driven by
three primary factors: temperature, residence time, and availability of oxidants [EPA
2001a].

EC formation is reduced at the source by increasing the surface area contact of fuel and air
during combustion so that the conversion rate of fuel into carbon dioxide and water vapor is
high. This includes promoting lower local fuel/air ratios in contemporary engines through a
number of in-cylinder controls (see Section 2.2.1) and using biodiesel fuels (see Section
2.3.1). Secondary reduction strategies for EC emissions involve capturing these particles
within the exhaust system using diesel particulate filters (DPFs) (see Section 2.2.2.2).

Organic Carbon (OC)

On a mass basis, EC is the largest contributor to particulate matter (PM) emissions produced
by a diesel engine [Noll et al. 2007]. Another large contributor is organic carbon (OC), or
compounds that form when hydrocarbons (in fuel and lubricating oil) are consumed but not
fully oxidized during the combustion process [Heywood 1988c]. Sources of OC emissions
include fuel that is present in overly lean regions (where the ratio of fuel to air is too low to
support efficient combustion), fuel that is post-injected (“leaked”) into the chamber too late
during the combustion process, or lubrication oil that is scraped from cylinder walls or
introduced into the combustion chamber from other sources. In these instances,
temperatures may be high enough to vaporize the hydrocarbons, but not high enough to
convert them into carbon dioxide and water vapor.

OC compounds are partially composed of volatile material rather than nonreactive elemental
carbon, and will react and change in both composition and phase during emission. If these
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compounds are not in the gas phase, they are considered a component of DPM. Typically,
this scenario occurs when organic compounds condense and adsorb onto the surface of
larger EC particles, but they can also condense and form smaller nanoparticulates without
the presence of EC [Kittelson 1998; Plumley 2005]. If OC remains in the gas phase, it is
often referred to as an “HC” or “vapor-phase OC” emission, which is a pollutant that is
regulated by the U.S. EPA. OC in the nongas phase is often referred to, by engine
manufacturers, as the volatile organic fraction (VOF) or soluble organic fraction (SOF),
depending on the measurement process used [Majewski and Khair 2006a]. It is important to
note that, in the mining industry, the terms “organic carbon” or “OC” almost always refer to
nongas-phase organics or to those substances that have mass and, therefore, contribute to
total DPM mass.

Control of OC emissions at the source is accomplished by reducing oil consumption,
improving fuel and oil formulations, and improving fuel injection design and timing (see
Section 2.2.1). Diesel oxidation catalysts (DOCs) are often used within the exhaust system
as a secondary control of OC emissions (see Section 2.2.2.1) [EPA 2007a; EPA 2004,
Miller et al. 1997]. DPFs can also play a role in reducing OC emissions by capturing entire
DPM particles, which may include adsorbed particle-bound OC (see section 2.2.2.2).

Ash

Fuel and lubricating oil often contain a number of additives (detergents, dispersants, etc.),
which are composed of metallic elements. When these fluids are consumed during
combustion, these metallic elements can form inorganic solids known as ash [Whitacre et al.
2010; Jung et al. 2003; Aravelli and Heibel 2007]. Normal wear of metallic engine
components are another, though less substantial, source of ash generation. Although its
contribution to DPM mass is often lower in comparison with other forms of particulate
matter emissions [Kittelson 1998], ash cannot oxidize in secondary reactions with
aftertreatment devices and may accumulate within the exhaust system and cause
maintenance issues over time [Miller et al. 2007a; Vouitsis et al. 2007]. Reduction of ash
formation can be accomplished by reducing the metallic fraction of the fuel and lube oil
formulations, and by lowering the amount of oil consumed during the combustion process
(see Section 2.3).

Sulfuric Compounds

Sulfur containing compounds is another contributor to DPM emissions. Sulfur dioxide,
which forms when sulfur in the fuel and lubrication oil oxidizes during the combustion
process [Kittelson et al. 2008; Whitacre et al. 2010; EPA 2004, Kittelson 1998], is a gaseous
emission that can damage or deactivate expensive exhaust catalysts in contemporary diesel
engines. During the emissions process, sulfur dioxide can react with other compounds in the
exhaust and form solid sulfates, which contribute to overall DPM emissions. The transition
toward ultralow sulfur diesel fuels (ULSDF) and low-sulfur content lubricants (e.g., CJ-4
oil, the newest API class) has promoted control over these emissions (see Section 2.3).
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Total Carbon and EC:TC Ratio

Total carbon (TC) is a term used to describe the sum of the EC and OC fractions of DPM
(TC = EC + OC). Likewise, the EC:TC ratio defines the fraction of EC in TC.

This relationship between EC and OC fractions depends on engine operating conditions,
engine type, fuel type, and a number of other parameters. Because EC and OC make up over
80% of total DPM mass [Pierson and Brachaczek 1983; Kittelson 1998], the EC:TC ratio
helps to quickly describe the general composition of DPM as well as the condition under
which it was formed. For instance, if the EC:TC ratio is low, the aerosol contains more
organic carbon and, if the source was a heavy-duty diesel engine fueled with a petroleum
diesel fuel, it is likely that the DPM was formed under lower-load, lower-speed conditions,
which is a typical operating mode approximation that corresponds with high OC formation.

Gases

Nitrogen Oxides (NO and NO,)

At high temperatures, molecular nitrogen (N3) from the intake air will react with oxygen
(O,) and hydrocarbons (HC) to form gaseous NOx emissions, or oxides of nitrogen (NO and
NO3). During combustion, NOx is formed in an area outside the fuel-rich region of the fuel
plume where the proportion of fuel to air is optimal for efficient, high-temperature
combustion [Dickey et al. 1998]. The rate of formation of NOx is exponentially related to
the temperature of combustion [Heywood 1988c]. Therefore, in-cylinder controls aimed at
decreasing NOx formation are almost always intended to lower the peak temperatures
during the combustion process. In contemporary diesels, this is largely accomplished
through exhaust gas recirculation (see Section 2.2.1) [Dickey et al. 1998]. Secondary control
through various aftertreatment technologies, such as lean NOx catalysts (LNCs) and
selective catalyst reduction (SCR), may also be employed to further reduce NOx emissions
to acceptable levels (see Section 2.2.2.5 and Section 2.2.2.6).

NOx/DPM Tradeoff

In conventional diesel combustion, almost any attempt to lower NOx emissions through in-
cylinder techniques results in an increase in DPM, and the converse is true as well. Referred
to as the “NOy/DPM” or “NOx/PM” tradeoff, this correlation is controlled by the fact that
NOx formation increases at higher combustion temperatures and lean conditions, while
DPM mass formation (driven by increased EC formation), will increase at lower combustion
temperatures and rich conditions [Horibe and Ishiyama 2009; Heywood 1988c; Majewski
and Khair 2006b; EPA 2001a; Helmantel and Golovitchev 2009; Kook et al. 2005]. Because
of this correlation, it is very difficult to simultaneously reduce NOx and DPM without
combining various in-cylinder and aftertreatment technologies. For this reason,
contemporary diesel-engine designs aimed at meeting U.S. EPA emissions regulations
(which stipulate simultaneous reductions in NOx and DPM emissions) have become
particularly complex.



Carbon Monoxide

Carbon monoxide (CO) results from a non-ideal combustion. Its production is correlated to
an incomplete oxidation of carbon in the fuel to carbon dioxide, most often from a lack of
available oxygen or low gas temperatures. Therefore, under conditions which might produce
locally fuel-rich mixtures, such as overloading and overfueling, diesel engines may produce
higher concentrations of CO.

Compared to the CO emissions of a gasoline engine, the CO concentration in diesel exhaust
is minimal due to the fact that diesel engines have a higher amount of available oxygen, or
overall lean mixtures. Nevertheless, the extremely high toxicity related to human exposure
to CO has prompted several regulatory agencies to limit the emission of CO from diesel
engines [ACGIH 1991].

In diesel engines, reduction of CO emissions is achieved by improving the overall
combustion efficiency by limiting any fuel-rich conditions within the cylinder (see Section
2.2.1) and using diesel oxidation catalysts (DOCs) within the exhaust system to convert CO
to CO,in secondary reactions (see Section 2.2.2).

Gas-Phase Hydrocarbons (HC)

As a general guideline, hydrocarbons in the gas phase are typically referred to as volatile
(VOC) and semivolatile organic compounds (SVOC). These are a complex mixture of many
chemical species. Among them are polycyclic aromatic hydrocarbons (PAHs), which are
widely investigated due to their toxicity. The formation of gas-phase hydrocarbons is
outlined in Section 2.1.1. Likewise, control of gas-phase OC emissions at the source is
accomplished in the same manner as nongaseous OC control—by reducing oil consumption,
improving fuel and oil formulations, and improving fuel-injection design and timing (see
Section 2.2.1). In addition, DOCs within the exhaust system are often used as a secondary
control (see Section 2.2.2.1) [EPA 2007a; EPA 2004; Miller et al. 1997].

Sulfur Dioxide (SO,)

As mentioned previously, sulfur dioxide forms when sulfur in the fuel and lubrication oil
oxidizes during the combustion process [Kittelson et al. 2008; Whitacre et al. 2010; EPA
2004; Kittelson 1998]. This gaseous emission can damage or deactivate expensive exhaust
catalysts in contemporary diesel engines. The transition toward ultralow sulfur diesel fuels
(ULSDF) and low-sulfur content lubricants (CJ-4 oil) has promoted control over these
emissions (see Section 2.3).



2.2 Engine Control Technologies
2.2.1 In-Cylinder Control Technologies

Introduction

In an effort to meet increasingly stringent worldwide emissions regulations, engine
manufacturers have integrated a number of control technologies into new engine designs.
Generally, these techniques are split into two categories: in-cylinder controls and
aftertreatment. For the purposes of this manual, aftertreatment is defined as any technology
that is incorporated into the exhaust system to physically or chemically alter or trap
particulate and gaseous emissions (see Section 2.2.2). In-cylinder control technologies are
designs or processes that are incorporated into the engine and its subsystems in an effort to
prevent or manipulate the formation of unwanted emissions.

Mine operators have limited say in selecting in-cylinder controls because these technologies
are usually incorporated during the design stage by the original equipment manufacturer
(OEM). This is increasingly common in contemporary diesel engines intended to meet EPA
nonroad emissions regulations [40 CFR 89*]. For this reason, the discussion on how in-
cylinder control technologies can reduce mineworker exposure to diesel pollutants focuses
on maintaining these technologies to the original OEM specifications and monitoring their
performance rather than retrofitting or altering them. This is best accomplished through a
stringent preventative maintenance program. This section provides an overview of the role
in-cylinder controls play in emissions formation as well as suggested practices for
maintaining the proper function of these technologies.

Technologies
Charge-Air Compression

Charge-air compressors (e.g., turbochargers and superchargers) allow more air to be
introduced into the chamber before combustion, thus increasing the amount of fuel that can
be injected and burned and, subsequently, enhancing the power output of the engine
[Heywood 1988a; Majewski and Khair 2006¢]. From an emissions perspective, the
compression of charge air leads to leaner conditions within the cylinder during combustion
(or situations where the fuel to air ratio is low), which promotes efficient, higher
temperature oxidation of the fuel. Under these conditions, DPM formation is limited at the
expense of increased NOx gas emissions [Helmantel and Golovitchev 2009]. In addition, the
compression of charge air may increase turbulence within the cylinder during induction,
enhancing the mixing between fuel and air [Majewski and Khair 2006c] and further
reducing DPM formation.

Charge-Air Cooling

The role of the intercooler is to combat the heating effects that charge compression systems
have on intake air. Intercoolers decrease charge air temperature with minimal pressure loss.

" Code of Federal Regulations. See CFR in references.



This acts to decrease peak flame temperatures during combustion, assisting in the reduction
of NOx formation [EPA 2001a; Heywood 1988c].

Exhaust Gas Recirculation (EGR)

EGR is the most effective in-cylinder technology for reducing the formation of NOx and is
implemented on nearly all modern, electronically-controlled diesel engines. EGR involves
routing a portion of the exhaust stream into the combustion chamber before ignition.
Replacing charge air with exhaust gases increases the specific heat capacity of the mixture
and reduces the amount of oxygen available to the fuel. This acts to lower peak in-cylinder
temperatures during combustion and reduce NOx formation at a rate that is proportional to
the amount of EGR flow [Majewski and Khair 2006b; Ladommatos et al. 1996a,b;
Ladommatos et al. 1997a,b]. Studies have shown that increasing the rate of EGR may result
in possible increases in HC, CO, and DPM formation as well as thermal efficiency losses
due to increased pumping work [Jacobs et al. 2003; Horibe and Ishiyama 2009; Heywood
1988c¢; Kook et al. 2005; Majewski and Khair 2006b].

There are a variety of EGR configurations, but two basic setups exist—internal EGR and
external EGR. Internal EGR uses extended or extra exhaust valve lifts during the intake
stroke to pull exhaust gases back into the chamber before compression. External EGR
systems use plumbing to route exhaust gases to a position in the intake system, often
downstream of the compressor, to avoid long-term fouling of intake components. In external
EGR systems, an advanced turbocharger design, such as a variable geometry turbocharger
(VGT), may be implemented to help maintain a positive-pressure differential across the
exhaust and intake manifolds while a computer-controlled EGR valve may be used to
regulate the amount of EGR flow in response to engine-loading conditions [Majewski and
Khair 2006¢; Arnold et al. 2001; Filipi et al. 2001]. Some engines may incorporate both
internal and external EGR simultaneously. Additionally, external EGR systems may also
include a dedicated EGR cooler to reduce the temperature of the recirculation gases. This
cooling provides additional NOx reduction capability at the expense of added complexity to
the engine system, increased maintenance demand, and potential reductions in the time-
response of EGR flow.

Fuel Delivery and Injection

Contemporary diesels use increasingly higher fuel-injection pressures. These high-pressure
fuel delivery systems, such as high-pressure common rail (HPCR), allow a finer mist of fuel
to be injected into the chamber, which increases the overall surface area contact between
fuel and air during combustion. Additionally, high-pressure fuel injection allows the fuel
spray to penetrate further into the chamber, enabling a greater dispersion of the fuel spray.
These combined benefits increase the amount of oxygen available to the fuel during
combustion and, therefore, help to reduce the formation of DPM [Roels et al. 2009; Busch et
al. 2007, DEEP 1999; Majewski and Jadskeldinen 2010].

Fuel injectors themselves are designed with spray angles and timing events that coordinate
with the position of the piston bowl within the chamber (so as to prevent fuel impingement
on the cooler metal surfaces within the chamber) [Roels et al. 2009; Heywood 1988b;
Vanegas et al. 2009; Horibe et al. 2007,



Majewski and Jadskeldinen 2010; Helmantel and Golovitchev 2009; Horibe and Ishiyama
2009; Han et al. 1996; EPA 2001a]. Any disruption to this calibration (typically caused by
coking or by fouling of injector nozzles) can result in increased OC or vapor-phase HC
emissions (see Section 2.1). Additionally, needle valve bounce or injector-fuel leakage
might also contribute to increased OC or vapor phase HC emissions. Likely sources of
failure in this area are the contamination of fuel from dirt, debris, water, and certain
additives, and the overheating of injector tips [BHB Billiton 2005; Argueyrolles et al. 2007,
Leedham et al. 2004]. Preventative maintenance of fueling systems for emissions reduction
is, therefore, focused largely on ensuring the integrity of filters and fuel delivery
components, and maintaining reasonable fuel temperatures.

Crankcase Filtration

Important and often overlooked sources of diesel emissions are crankcase ventilation
systems, or breather systems. During combustion, high-pressure byproducts (CO, CO,,
NOx, Oz, H,0O, HC, and DPM) can leak through the seal of the piston rings or through
passages in the lubrication system and into the crankcase [Froelund and Yilmaz 2004,
2003]. These byproducts, combined with the mechanical shearing of lubrication oil in the
crankshaft and the boiling of lube on piston and cylinder surfaces, form an aerosol mixture
of gas, liquid, and particulate matter within the crankcase known as “blowby” [Jaroszczyk et
al. 2006]. Over time, blowby pressure builds up within the crankcase and has to be vented.
Because tailpipe DPM emissions from modern diesel engines are now at extremely low
levels, the fraction of crankcase emissions to total DPM output can be significant in
contemporary diesels. Consequently, for tier 4 regulations, the EPA began regulating
crankcase ventilation emissions as a part of the total engine PM emissions [69 Fed. Reg.
38957-39006 (2004)]. As a result, improved crankcase filtration methods, utilizing
coalescing filters, were developed [Nelson 2009]. Solid particulates that are not drained
from coalescing filters can build up over long periods. This accumulation can cause pressure
drops across the filter and an increase beyond the saturation pressure. This leads to
excessive backpressures within the crankcase, which can cause damage to seals and gaskets
in the engine. Therefore, it is important to follow the manufacturer’s recommended
maintenance schedule when employing crankcase filtration systems.

2.2.2 Exhaust Aftertreatment Controls
2.2.2.1 Diesel Oxidation Catalysts (DOC)

Introduction

Diesel oxidation catalyst (DOC) technology is extensively used to control CO and HC
emissions from diesel engines. DOCs use a catalyst to support reactions where CO and
hydrocarbons are converted into water vapor and CO; (see Figure 2). In addition, DOCs
are also sometimes used by advanced aftertreatment technologies in modern diesels to
support diesel particulate filter (DPF) regeneration strategies. Another favorable
byproduct of a DOC installation is the reduction of offensive odors typically associated
with diesel emissions.
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Figure 2. The fundamental chemical reactions within a DOC.

The core of a DOC is an open-channel ceramic monolith or metallic honeycomb substrate
that provides support to the catalyst. Cordierite (2MgO-2A1,03-55105) is the most
popular ceramic material used for DOC substrates [DieselNet 1997]. The cordierite
monolith honeycomb substrates are characterized by a high geometric surface area, large
open frontal area, low thermal mass and heat capacity, high temperature durability, low
coefficient of thermal expansion, good coatability, washcoat compatibility, strength, and
oxidation resistance.

Metallic substrates are an alternative to ceramic cordierite substrates and are made of thin
metal foils that are flat or corrugated and formed into a honeycomb structure [DieselNet
2003]. Iron (Fe), chromium (Cr), and aluminum (Al) alloys are commonly used to make
these substrates. They have higher cost than ceramic substrates and are characterized by
their high geometric surface area and low pressure drop. Metallic substrates also have a
lower heat capacity, which results in a reduced “light-oft” temperature (the temperature
at which the conversion begins to take place). Additionally, metallic substrates cause
turbulent flow within these DOCs, resulting in homogeneous reacting conditions and,
consequently, a better mass transfer coefficient. New designs, such as a permeable cross-
corrugated structure, allow for a more compact DOC substrate and improved
performance [Mucha et al. 2008].

The other important component of a DOC is the catalyst. By definition, a catalyst is a
substance that increases the rate of a reaction without being consumed in the process. The
most common catalysts used in DOCs are those formulated with noble metals such as
platinum (Pt), palladium (Pd), and rhodium (Rh). During the manufacturing of a DOC,
catalysts are applied to the substrate using a two-step washcoating and impregnation
procedure [DieselNet 2005a]. In the first step, a washcoat (usually Al,O3, Si0;, CeOs,
Ti02, ZrO,, V20s, LayOs3 or zeolites) is applied to the substrate from a water-based slurry
to form a porous, high surface area layer on the substrate. The washcoat helps to hold the
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catalyst to the substrate and increase reaction efficiency by maximizing the amount of
active catalyst that can be accepted during the impregnation phase of the process
[Gorsmann 2008]. Impregnation then involves applying the catalyst to the washcoat.
Catalyst formulations are typically specific to the particular product and are often
proprietary.

The volume of a DOC is typically close to that of the engine displacement [Khair and
McKinnon 1999]. Because the performance of a DOC is strongly dependent on exhaust
temperatures, DOCs are typically installed as close to the exhaust manifold as possible.
In some space-saving designs, the DOC is integrated with a muftler into a single device
that provides reductions in both emissions and sound.

More recently, the development of advanced integrated exhaust emission control systems
such as continuously regenerating trap (CRT™) systems [Walker et al. 2002; Kittelson et
al. 2006; Biswas et al. 2008], continuously regenerating trap systems with a catalyzed
DPF (CCRT™), selective catalyst reduction (SCR) systems [Katare et al. 2007; Biswas et
al. 2008], and partial filter (PF) systems [Mayer et al. 2009; Yoon et al. 2009] has
spawned alternative formulations for these applications. The catalysts used in CRT,
CCRT, SCR, and PF systems are primarily formulated to promote oxidation of NO to
NO:z (the third reaction shown in Figure 2) [Allansson et al. 2002; Gérsmann 2008].
Generated NO; is used to help oxidize DPM that is accumulated in DPFs and, therefore,
supports the regeneration of DPF systems. In SCR systems, DOCs are also used to help
improve low-temperature performance of the system.

To avoid potential deactivation of the catalyst, the use of ultra-low sulfer diesel fuel
(ULSDF) is recommended and frequently required for the majority of engines equipped
with DOCs and for other catalyzed exhaust aftertreatment systems. The oxidation
performance of catalysts has been shown to severely degrade with excessive DPM
accumulation in the DOC because the DPM acts as a barrier between the catalytic surface
and gases [Eaton et al. 2009].

Effects of a DOC on Emissions

The United States Environmental Protection Agency (U.S. EPA) [EPA 2010] and the
California Air Resources Board (CARB) [CARB 2010] have evaluated several types of
DOC:s for retrofit applications. The EPA verified several DOC products as 40% efficient
at removing CO and 50% efficient at removing HC. Depending on design and catalyst
formulation, DOCs were verified to reduce total DPM emissions by 20% to 35% [EPA
2010]. CARB listed several DOC-type products as Level 1 DPM control technologies
with a DPM reduction of 25% [CARB 2010]. The EPA and CARB both require that
DOC:s should not increase on-average NO, emissions by more than 20% from the
baseline [EPA 2007b; CARB 2009a,b].

The performance of a DOC varies widely based on catalyst formulation and effective
surface area. In addition, because chemical reactions in a DOC depend on exhaust
temperatures, the performance of a DOC is critically dependent upon the engine design
and duty cycle. Due to these dependencies, the actual effects of a DOC on the emissions
may vary with application. Still, most catalysts should be eftective in reducing CO and
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HC at temperatures exceeding 250°C (482°F), which are typical for engines operating in
underground mines at medium- and heavy-duty conditions [McClure et al. 1988; Katare
et al. 2007]. One study showed that CO and total hydrocarbons can be reduced by low-
activity catalysts by 13%—40% and 55%, medium-activity catalysts by 57%-70% and
55%, and high-activity catalysts by 77%—80% and 97%, respectively [Khair and
McKinnon 1999]. Additionally, the low-temperature performance of a DOC can also be
enhanced by oversizing the DOC for the application [McClure 1992].

DOCs have also been found to be effective in reducing the soluble organic fraction (SOF)
/ organic carbon (OC) fractions of DPM as well as vapor-phase organics / gas-phase
hydrocarbons emitted by heavy-duty diesel engines [Bagley and Gratz 1998; Bagley et al.
1998; Vaaraslahti et al. 2006; Shah et al. 2007; Bugarski et al. 2009] and light-duty diesel
engines [Klein et al. 1998; Alander et al. 2004]. Additionally, the effects of DOCs on the
concentrations of EC have been found to be a function of engine operating conditions and
fuel type [Bugarski et al. 2010]. In general, the overall effectiveness of a DOC as a DPM
control is primarily dependent on the fraction of OC present in the engine exhaust (i.e.,
the total DPM reduction efficiency increases with increased OC content [Shah et al.
2007]). Considering this factor, DOCs may be particularly effective in reducing DPM
emissions from engines operated on fatty acid methyl ester (FAME) biodiesel fuels (see
Section 2.3.1).

When fuels with a relatively high sulfur content (> 500 ppm) are used, an increase in
sulfate emissions has been shown to offset the advantages of Pt-catalyzed DOCs
[McClure et al. 1988; McClure 1992; Majewski et al. 1995; Majewski 2009a]. Sulfates,
as well as other gaseous and solid DPM components can be trapped within the washcoat
and be released during high-load operating conditions (a process known as the “storage
and release” phenomenon [Kittelson et al. 2006; Kawano et al. 2007; Majewski 2009a]).
This complicates the measurement of DOC efficiency. Additionally, sulfur in the fuel can
lead to sulfate formation, which can poison the catalyst and adversely affect the longevity
of a DOC. The use of ULSD fuels and/or modern catalyst formulations designed to
suppress sulfate formation (base-metal oxides and Pd) can help to minimize these issues
[Majewski 2009a].

One potential adverse effect of using certain types of DOCs is an increase in secondary
NO, emissions [Watts et al. 1998; NIOSH 2006a,b], which might result from enhanced
oxidation of NO to NO; in the presence of Pt-based catalyst formulations. This
phenomenon is temperature- and catalyst-formulation dependent [McClure et al. 1988;
Ambs and McClure 1993; Mayer et al. 2003; Katare et al. 2007; Czerwinski et al. 2007,
Lorentzou et al. 2008; Johansen et al. 2007; Khair et al. 2008]. In underground mining
applications, the catalyst formulations that should be selected are those that minimize
secondary NO, emissions while preserving an acceptable conversion efficiency for CO
and HC over an anticipated duty cycle.

In the case of a typical Pt-based catalyst, the oxidation of NO to NO; reaches the highest
rate between 300°C (572°F) and 450°C (842°F). At temperatures higher than
approximately 500°C (932°F), the process is reversed by thermal dissociation of NO,.
Because a typical catalyst is relatively inefficient at temperatures below 250°C (482°F),
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the secondary NO; emissions are relatively low for DOC-equipped engines operated at
light load conditions. Due to the presence of other constituents in diesel exhaust, the NOx
reactions in a DOC are more complicated than a simple conversion of NO to NO; [Ambs
and McClure 1993; Majewski et al. 1995]. Because DOCs have been shown to not
produce NO; until most of the CO and hydrocarbons have been consumed [Katare et al.
2007], the issue of secondary NO, emissions should theoretically be more pronounced for
lower emitting engines. However, DOCs that are used to control CO and HC emissions,
from modern, low-emitting engines are designed with relatively low Pt-content
formulations (< 0.4 g/liter) and, consequently, the rate of NO to NO, oxidation is
substantially lower [Ambs and McClure 1993]. An aged, low-activity DOC has even
shown to be a net consumer of NO; over a wide range of temperatures and space
velocities [Katare et al. 2007]. DOCs with Pd [Majewski et al. 1995] and base-metal-Pd
catalysts [Johansen et al. 2007] have been found to not produce secondary NO; emissions
within typical exhaust temperature ranges. However, similar catalysts have shown to
have significantly higher light-off temperatures for CO and HC than Pt catalysts
[Majewski et al. 1995].

Regulations

DOC:s are used in underground coal and metal/nonmetal mining applications as stand-
alone devices and as an integral part of various exhaust aftertreatment systems [Watts et
al. 1998; Khalek et al. 2003; MSHA 2009f]. In Pennsylvania and West Virginia
regulations require the use of DOCs on underground diesel-powered coal-mining vehicles
[PADEP 2009; WVDEC 2004].

2.2.2.2 Diesel Particulate Filters (DPF)

Introduction

Diesel particulate filter (DPF) technology was introduced in the late 1970s as a method
for controlling particulate matter emissions from diesel engines [Howitt and Montierth
1984; Mathur et al. 2008]. Because of their ability to significantly reduce DPM mass
emissions, these systems play an increasingly important role in meeting current emissions
standards for heavy-duty (HD) onroad and nonroad diesel-powered vehicles [66 Fed.
Reg. 5001 (2001); 69 Fed. Reg. 38957 (2004); EC 1999/96/EC (2000); EC 595/2009
(2009)]. DPFs are commercially available in both retrofit and original equipment
manufacturer (OEM) applications for both onroad and nonroad engines [Mayer et al.
2000; Allansson et al. 2002; Eberwein 2008; Mayer 1998; Mayer et al. 1999; Hug 2008;
Shah et al. 2006]. Additionally, manufacturers are implementing them into the majority
of new HD highway truck engines in the U.S. [Johnson 2009; Liu et al. 2009b; Khalek et
al. 2009].

DPF Technology
DPM Filtration

The heart of a DPF system is the filtration media, which captures DPM within its fine
porous microstructure, preventing expulsion into the environment. The actual filtration
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process depends on filter media and DPM loading. Eventually, these trapped particles
will be burned off of the DPF in a secondary oxidation process known as “regeneration.”

Several types of filtration media are currently being used or researched: extruded
ceramics, sintered metal, and metal foams are the most common. Extruded ceramic
monoliths are made of ceramic oxides such as cordierite (Mg2Al4Si5018, used in both
heavy-duty (HD) and light-duty (LD) applications) and aluminum titanate (AI2TiO5,
used in LD applications), as well as silicon carbide (SiC) (used in HD and LD
applications) [Konstandopoulos and Papaionnou 2008; Boger et al. 2008a; Johnson
2009]. Extruded ceramic monoliths have a “wall-flow” filtration design, or a design that
is composed of a large number of small channels (resembling that of catalytic converter
monoliths) whose alternating ends are plugged to force exhaust flow through the wall of
the monolith (see Figure 3). In general, these ceramic monolith substrates are
characterized with high geometric surface area, large open frontal area, low thermal mass
and heat capacity, high-temperature durability, low coefficient of thermal expansion,
good coatability, washcoat compatibility, strength, and oxidation resistance.

However, the two classes of ceramic materials (ceramic oxides and SiC) differ in several
critical physical properties. Due to higher porosity, the SiC monoliths typically generate
less backpressure than monoliths made of ceramic oxides [Lorentzou et al. 2008]. Also,
SiC monoliths can withstand higher thermal stresses than ceramic-oxide materials. This
advantage makes SiC monoliths the preferred choice for applications requiring short-term
and high-peak temperature regeneration, whereas DPFs made with ceramic-oxide
materials are almost exclusively used in systems designed for thermally moderate
regeneration processes. SiC also has a higher melting temperature, which makes it more
durable than ceramic-oxide materials in the event of uncontrolled regeneration [Weltens
and Vogel 2008]. Ceramic oxides have lower thermal conductivity than SiC, which
allows these monoliths to regenerate more efficiently at any given temperature than SiC
monoliths [Boger et al. 2008a].

R N\

Figure 3. Extruded ceramic wall-flow monolith used in DPF systems.

Monoliths with a higher cell density, or number of channels per cross-sectional area,
generally have a higher filter surface area and, therefore, generate less flow restriction.
However, these are much more prone to clogging due to ash accumulation. Wall-flow
monoliths with 100 cells/in? are typically used (as retrofits) on older, higher emitting
engines [Weltens and Vogel 2008]. Wall-flow monoliths with 200 cells/in? are often used
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in contemporary diesel engines that are fueled and lubricated with low-ash-forming fluids
(ULSDF and CJ-4 oils).

The DPM cake that builds in the channels and on the surface of wall flow monolith filters
plays an important role in the filtration process [Schmidt et al. 2007; Konstandopoulos
and Papaionnou 2008]. As DPM accumulates within the filter, it becomes the governing
filtration medium and can improve the overall filtration efficiency of the DPF by two to
three orders of magnitude [Gieshaskiel et al. 2007; Schmidt et al. 2007; Lorentzou et al.
2008; Yang et al. 2009].

The alternative to DPFs made with ceramic monoliths are wall-flow filters made of
sintered metal media [Zelenka et al. 1998; Konstandopoulos et al. 2005; Schrewe et al.
2008]. The core of a sintered metal filter (SMF) is composed of a number of sintered
metal plates, or pockets, welded together to form a filter unit. The plates are made of a
formed and expanded stainless steel substrate coated with sintered metal powder
[Schrewe et al. 2008]. Flow is typically channeled from the outside to the inside of the
plates. The system is designed to allow for easy access to the element for ash cleaning
[Steigert 2008]. The prominent characteristics of SMF systems are flexibility in
forming/shaping, relatively low pressure drop, relatively high ash-holding capacity, and
relatively simple DPM and ash cleaning.

Safety, Reliability, and Durability of DPF Systems

It has been demonstrated that DPF systems have a useful life of several thousand hours
[McGinn et al. 2004; WRAP 2005; Conard et al 2006; D’Urbano and Mayer 2007; Mayer
et al. 2008]. Typical causes of useful-life failures of DPF elements include stresses
induced by mechanical vibrations, stresses from high exhaust temperatures generated
during normal operation as well as uncontrolled regenerations, and catalyst degradation
from thermal stress or chemical poisoning [Stroia et al. 2008; Kim et al. 2008;
Dabhoiwala et al. 2009]. In the case of uncontrolled regeneration, the exhaust
temperatures can reach in excess of 925°C (1,697°F) [Watts et al. 1995; DieselNet
2005b]. The potential for uncontrolled regeneration of a DPF system can be minimized
by ensuring operation of the system within design parameters. The risk of uncontrolled
regeneration is typically minor if the DPM mass accumulation within the filter does not
exceed 5 g (grams) of DPM per liter of the element volume [Mayer 2008b; Mathur et al.
2008].

To avoid potential problems with engine and filtration media, all DPF systems should be
equipped with a visible engine backpressure sensor, monitor, and data-logging system.
These systems are primarily used to monitor the regeneration process and the
accumulation of ash in the DPF. The exhaust backpressure monitor can also be used to
identify instances of unusually low pressure drop across the DPF system, which may
indicate potential failures [DieselNet 2005b; Dabhoiwala et al. 2009].

Other potential safety issues related to the use of DPF systems are related to hot surfaces,
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