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ABSTRACT

Cold-start and extended-idling emissions of carbon monoxide (CO), oxides of
nitrogen (NOx) and particulate matter (PM) were measured from 24, class-8B, heavy-
duty diesel vehicles (HDDV8B) using portable emission monitoring equipment. The
ratio of nitrogen dioxide (NO,) to NOx and the ratio of PM, 5 to total PM were reported.
Truck model years ranged from 1992 to 2004. All vehicles were tested in the field during
summer and fall months under ambient environmental conditions at low (600-800 rpm)
and high (1000 rpm) engine idling speeds with the truck cab air-conditioner operating at
“on” and “off” modes. Sampling data thus obtained were used to generate typical
average cold-start and extended-idling emission factors and were used to estimate
potential emission reductions associated from using Truck Stop Electrification (TSE)

Itechnology.

Results indicated that cold-start emission rates, which were determined from the
first 5-minutes of the cold-start period, were higher than the extended-idling emission
rates by factors of 2.5 for CO, 1.5 for NOx and 1.7 for PM, 5. Overal, the extended-
idling emission factors of the present study compared favorable to both the U.S
Environmental Protection Agency (EPA) values that are recommended for State
Implementation Plans (SIP) and average emission factors that were established from a
previous review of the literature. In summary, the NOx emission rates were greater than
those reported for EPA-SIP purposes and from the literature review by 23.5% and 17.4%,
respectively. The PM, s emission rates observed in this study were less than those

reported for EPA-SIP purposes by 3.8% and were greater than those reported in the



literature by 6.3%, respectively. The average extended-idling emission factors for CO,

NOx and PM2.5 were 64.5 g/hr, 167 g/hr and 3.51 g/hr, respectively.

Electricity utilization and related emissions from TSE were calculated for a coal-
fired power plant equipped with Selective Catalytic Reduction (SCR) technology for
NOx removal and that meets New Source Performance Standards (NSPS) for NOx and
PM, s emissions. In general, it was found that the cold-start emissions and the emissions
from electricity were moderately small in comparison with the extended-idling emissions.
Conversely, it was determined that the actual emission savings that could be associated
with the TSE technology were 62.4 g/hr for CO, 158 g/hr for NOx and 3.19 g/hr for
PM,s. Finally, the corrected or actual emission reductions for CO, NOx and PM, s using
acold-start period for 5-minutes were approximately 3.2%, 5.0% and 10% less than the

extended-idling emission rate, respectively.
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1 INTRODUCTION

Commercia trucking has displaced the railroad to become the dominant form of
transportation for hauling most freight in this country. The propulsion system of choice
for long-haul freight trucks are usually diesel engines because they are more efficient per
unit of work and are far more durable than gasoline engines. Out of necessity, long-haul
truck drivers generally idle their diesel engines while parked at travel centers during
federally mandated driver rest periods. Idling the engine provides power for heat or air
conditioning and helps maintain adequate battery voltage while the driver uses electrical
appliances in the deeping berth, such as, microwave, refrigerator or television. 1dling
also keeps the fuel and lubricating oil more fluid, and so precludes difficult engine start-
up during cold days. Furthermore, some heavy-duty diesel trucks have refrigerated
trailers that are cooled by an independent, diesel-driven unit that must be kept running

while the driver isresting.

Care must be taken when relating vehicle types across different data sources
because different classification systems are used for reporting local vehicle registration
information and Vehicle Miles Traveled (VMT) data. The United States Environmental
Protection Agency (EPA) Mobile Source Emission Factor (MOBILEG) model categorizes
heavy-duty diesel vehicles (HDDV) according to the gross vehicle weight rating
(GVWR) of the vehicle. HDDV is any diesdl-powered vehicle greater than 8,500 pounds

(Ibs) GVWR. Other examples are HDDV7 - diesel vehicles between 26,001 and 33,000



Ibs GVWR, HDDV8A - diesdl vehicles between 33,001 and 60,000 Ibs GVWR and

HDDV8B -diesel vehicles greater than 60,000 Ibs GVWR.*

The Vehicle Inventory and Use Survey (VIUS) is conducted every five years by
the United States (US) Census Bureau to provide information on the physical and
operational characteristics of the nation’s truck population. VIUS uses the following
categories to define heavy-duty diesel trucks: (1) heavy-heavy, trucks with an average
vehicle weight over 26,000 Ibs, (2) trucks using diesel as fuel and (3) truck-trailer
combinations having five-axles or more. With respect to GVWR, the heavy-heavy
designation includes both MOBILES6 categories: HDDV7 and HDDVS8. Truck and
trailer configurations are further divided into categories of truck with onetrailer, truck
tractor with semi -trailer and truck tractor with two or more trailing units.>®> The main
focus of this paper will be the long-haul HDDV 8 category that includes a sleeping berth
for the driver in the truck cab. Long-haul is defined as commercial freight hauling on

long distance trips over 500 miles per day.

1.1 Hours-of-Service Regulations

The basic Hours-of-Service (HOS) regulations for interstate motor carriers and
drivers have been in effect for over 60 years since Congress first became concerned about
the effects of fatigue as a contributing factor in commercial motor vehicle accidents. The
Federal Motor Carrier Safety Administration (FMCSA) has recently modified the HOS
rules with compliance to occur January 4, 2004. Under these new regulations, drivers
may drive 11 hours, following 10 hours off-duty but are limited to just 14 hours on-duty.

The 14-hour duty period may not be extended with off-duty time for meal and fuel stops,



etc., and only the use of a slegper berth can extend the 14-hour duty period. Each duty
period must begin with at least 10 hours off-duty. The weekly on-duty limits are 60
hoursin any seven consecutive days or 70 hoursin any eight consecutive days, and
drivers can only restart the 7- or 8-day period by taking at least 34 consecutive hours off-
duty. Finally, drivers may split on-duty time by using sleeper berth periods, but they still

must be incompliance with all other HOS rules.*?

1.2 Air Quality Trends

The EPA has established National Ambient Air Quality Standards (NAAQS) for
the following criteria pollutants. carbon monoxide (CO), nitrogen dioxide (NO,),
particulate matter (PM), ground-level ozone (Os), sulfur dioxide (SO,) and lead (Pb).
The NAAQS were created to protect public health and prevent the continued
environmental degradation of regional air quality. Total emissions for the six criteriaair
pollutants have generally declined 48% in the US between 1970 and 2002. During this
same time-period, gross national product increased 164 %, VMT increased 155%, energy
consumption increased 42% and population increased 38%. In the face of increasing
population and economic growth, reductionsin criteriaair pollution concentrations have
occurred, and they are attributable to the Clean Air Act (CAA) regulations beginning in
1970 and continuing to the present. However in spite of great progresses made in air
quality improvements, approximately 146 million people nationwide (during 2002) still
lived in counties with pollution levels above the NAAQS. Out of the 230 non-attainment
areas identified during the 1990 Clean Air Act Amendments designation process, 124

areas remain non-attainment areas.®



Of the six criteria pollutants, fine PM and ground-level O3 continue to be
problemsin many regions. Primary concern isreserved for airborne PM less than or
equa to 2.5 microns (mm) because it isin thisrange that PM is small enough to penetrate
deep into the lungs. Smaller particles, lessthan 0.1 nm, are easily inhaled and trapped in
the alveoli of the lungs, which can cause numerous health problems and aggravate
respiratory conditions, such as asthma and bronchitis. Some PM can adsorb polycyclic
aromatic hydrocarbons (PAH) from the diesel exhaust. PAH are known to be mutagenic
and, in some cases, carcinogenic in character. The fine PM aso impacts the environment

by affecting the transmission of light and reducing visibility.’

Of dl emissions from diesel engine, PM is probably the most problematic.
Emission standards on diesel engines have led to dramatic reductions in particle mass
emitted. Some studies show however, that low-emission diesal engines emit much higher
concentrations of nanoparticles than older designs and other low-emission designs.
Nanoparticles (or ultra-fine particles) are defined as particles less than 100 nanometers
(nm). Many recent studies suggest that at similar mass concentrations, nanometer size

particles are actually more dangerous to human health than the micron size particles.®®

Diesel engines emit gaseous pollutants that are photo-chemically reactive,
resulting in the formation of ground-level Os. The main constituent of smog is ground-
level Os. Short-term exposure to O; (1 to 3 hours) can result in shortness of breath,
coughing, chest tightness or irritation of the nose and throat. Children, the elderly and
people with pre-existing respiratory illnesses are particularly susceptible. Long-term

exposure (6 to 8 hours) or repeated exposure to O3 will make people more vulnerable to



respiratory infection and lung inflammation and can aggravate preexisting respiratory
diseases, such as asthma. High concentrations of O3 also cause detrimental effectsto
vegetation, which include reduced growth and decreased survivability to disease, pests
and other environmental stresses. While national levels of Os improved in the last 10
years, 1-hour Oz levelsin selected regions increased, and the 8-hour levelsin rural areas

increased.™

On July 18, 1997, the EPA revised the nationa standard for ground-level O;from
120 parts-per-billion (ppb) 1-hour peak standard to 80 ppb 8-hour average standard.
Under the new federal regulations, each state was required to submit alist of counties
expected to exceed the federal Oz standard. 1n addition to the counties that do not meet
the standard, the list included counties that have been determined to be contributing to
high O3 levelsin other counties.® The EPA conducted an independent review of the list

of each state and made its final determination of non-attainment areas April 19, 2004.

Some counties and states have joined the EPA in agreements called Early Action
Compacts (EAC), which commit them to taking early action to meet the revised O;
standard by 2007. In return for this early action, EPA will defer their nonattainment
designation, thereby avoiding certain economic and transportation restrictions that norn-

attainment would involve, in exchange for an earlier compliance schedule.

On October 27, 1998, the EPA issued a new regulation requiring 22 states and the
District of Columbiato submit State Implementation Plans (SIP) to diminish the regional
transport of ground-level O; through reductions in nitrogen oxide (NOx) emissions.™

Thisregulation is commonly known asthe NOx-SIP call. By reducing NOx emissions,



the rule was targeted at diminishing the transport of ground-level O; across state

boundaries.

1.3 Compression-1gnition Engines

Air is compressed to a higher pressure in the diesel engine than it is compressed
in the spark-ignition gasoline engine. The higher compression ratio is needed to increase
temperature and pressure of the air in the piston cylinder. So when fuel isinjected into
the cylinder just before the end of the compression stroke - the fuel mixes with the heated
air, the fuel evaporates and spontaneous ignition occurs. In the gasoline engine, this

ignition process occurs from an electric discharge through the aid of a spark plug.

The un-throttled operation and high compression ratio of the diesel engine
contribute to the higher efficiency of the diesel engine relative to the gasoline engine.*?
Throttling is the process of regulating the amount of air pulled into the engine beforeitis
mixed with the fuel and enters the cylinders. The spark-ignition engine primarily uses
the throttling process to control torque. The spark-ignition engine is aso designed to
operate near the stoichiometric ratio. The key feature of the diesel engine is that the
torque it generates is governed, not by throttling the air supply, but by simply varying the

amount of fuel that is injected into the engine.™®

The downside of the high compression ratio of the diesel isthat it generates
higher temperatures inside the engine. Unfortunately, this increases the production of
nitric oxides (NO) in the hotter regions of the cylinder. The formation of NO and other
oxides of nitrogen increase rapidly with flame temperature. In the engine, the amount of

time spent in the combustion cycle is too short for the NO to be oxidized to NO,, even



though NO, is thermodynamically favored at lower temperature. Lower engine speeds
generally produce a higher concentration of NOx for a given power due to the longer
time available for the reactions to occur.™® The term NOX refers to the sum of the two
compounds. NO and NO,. Additionally, since the air and diesel fuel are rarely mixed
completely before auto-i gnition takes place, the potential exists for some of the unburned
fuel in the cooler regions of the cylinder to form soot during certain combinations of |oad

and engine speeds.

The compression ratio isjust one of severa factors that influence emissions from
diesel engines. Other factors that have a strong influence on emissions are engine
injection timing and rate of fuel injection, equivalence ratio and engine speed. The
equivalenceratio (f ) is defined as the fuel/air ratio normalized with respect to the
stoichiometric fuel/air ratio, wheref > 1isfuel-rich,f <lisfuel-leanandf =1 at the

stoichiometric condition.

Injection timing is the most influential parameter with regard to emissions. For
example, if amixture burns early during the combustion process, it is compressed to a
higher temperature, thus enhancing the formation of NO. Unfortunately, injection timing
retardation isin conflict with good fuel economy and low PM emissions.”? The
combustion flame speed a so influences the NOx formation. Lean mixtures have lower
flame speeds, which gives more time for the NOx to form plus greater oxygen (O,)
availability. The equivalenceratio is essentially dictated by engine load requirements.

Piston and cylinder designs that improve the mi xing of fuel and air, and other secondary



devices (such as, superchargers or turbochargers) that force more air into the combustion

chamber can also influence emissions.*®

The diesal engine characteristically operates fuel-lean (i.e., f <1). All motor
vehicle combustion engines are designed to ignite the air-fuel mixture at the optimum
instant to maximize power output and to minimize fuel consumption and exhaust
emissions. This creates specia problems because the equivalence ratios are different for
optimizing the operation of the engine to meet these three objectives simultaneously. For
example, efforts to improve the fuel economy or engine performance may aggravate the
emission problem. The following discussion demonstrates the impracticality to optimize

adiesdal engine so as to reduce both the NOx and the soot formation simultaneoudly.

Figure 1.1 shows the influence of the equivalence ratio on light-duty diesel engine
performance and emissions. (Note: all tables and figures are located in the appendices.)
Thisfigureis used because a similar figure could not be located for HDDV 8 engines, but
it illustrates quite sufficiently the overall effects of the equivalenceratio. Theterms
BSFC and BMEP in Figure 1.1, part (a), refer to brake-specific fuel consumption and
brake-mean effective pressure, respectively. The former term is the mass of fuel
consumed per unit net energy output. The latter term refers to the net power output per
engine cycle. It can be thought of as the work done per displacement volume. The units

of the term are power per cycle volume, which actually cancel to give units of pressure.*

From Figure 1.1, part (a), the following conclusions can be reached about
variations in engine performance and fuel consumption with change in the equivaence

ratio (f) between 0.2 and 1.0:



The BMEP increases with equivalence ratio. Higher BMEP and equivalence

ratios correspond to higher engine power output or |oad.
The exhaust gas temperature increases with equivalence ratio.

Fuel consumption (i.e., BSFC) is high at low equivalence ratio but decreases

sharply when equivalence ratio increases. As equivalence ratio approaches unity,

fuel consumption increases dlightly above a minimum value at about f = 0.5.

Theemission levelsin Figure 1.1, part (b), are reported in terms of mass

emissions per unit net power output. The reason for this convention is that the species

concentrations in the exhaust gas are somewhat misleading. At low equivalence ratios,

the pollutants are significantl y diluted with excess air, as well as during normal engine

operation, while the equivalence ratio is always changing because of varying demand on

the engine. Accounting for this dilution effect and to facilitate comparison with other

engines, the emission levels in the figure are usually reported in mass per unit energy. ™

From Figure 1.1, part (b), the following conclusions can be reached about

variations of emissions with change in the equivalence ratio (f ) between 0.2 and 1.0:

All emissions are high at low equivalence ratios for which engine output islow.
CO and PM emissions drop sharply with increasing equivalence ratio and pass
through a minimum value at about f = 0.5 where fuel consumptionisalso a
minimum. They then rise sharply as the equivalence ratio approaches unity.

HC and NO emissions drop sharply with increasing equivalence ratio above about
f =0.2. They reach relatively low levels at about f = 0.4 and then change only

dightly thereafter. It should be noted, that while brake specific emissions of these
9



pollutants decrease with increasing load, absolute emission rates might increase at
high power output. The NO emissions can be influenced by injection parameters

for agiven equivalenceratio.

In summary, diesel engines have a hi gher maximum efficiency than gasoline
engines because in diesel engines. (1) the compression ratio is higher; (2) throttling is
not used to generate power; (3) during the initial part of compression, only air is present;
and (4) the fuel/air mixture is always lean of stoichiometric, which gives a higher fuel
conversion efficiency. However, those unique features that make the diesel engine more
efficient than the gasoline engine also become trade-offs in terms of the relative

magnitudes of emitted pollutants that occur between these types of engines.

1.3.1 Cold-Starting

Combustion instability and soot emissions are known problems during cold-
starting the diesel engine. The factors that affect the diesel engine during cold-start are
(2) fuel properties, (2) intake air temperature and pressure, (3) compression ratio, (4)
leakage or blow-by, (5) cranking speed, (6) fuel injection and (7) combustion chamber
design.’® The effect of ambient temperature is probably the most critical factor because
auto-ignition in the diesel engine relies on both high temperature and high pressure. In
turbocharged diesel engines, the compression ratio is often reduced to restrict peak
cylinder pressure. This obviously has a detrimental effect on engine starting
performance. The actual compression ratio is usually determined by the cold-starting
requirements and is often higher than optimum for either fuel economy or power. Under

marginal starting conditions, it is also possible that some of the cylinders misfire until the
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engine reaches idling speed or the engine coolant has sufficiently warmed.*® Such

behavior is characterized by the emission of unburned fuel.

1.3.2 VehicleAge

There are two factors of vehicle age that may affect the emissions production:
normal engine wear and technology change. It is believed that as the vehicle ages and
accumulates higher mileage, the engine will slowly wear and produce higher emissions.
However, diesel engine deterioration is thought to be slow relative to most gasoline
engines. Changes in technology, implies that the engines produced today are different
from the older ones and must meet more stringent emissions standards. There is some
documentation on vehicle deterioration for heavy-duty vehicles: generaly, diesel
engines have been reported to deteriorate little over the first 290, 000 miles, and newer

engines can last between 500,000 and 1,000,000 miles before a rebuild.”

1.4 Heavy-Duty Diesel Vehicles

Little quantitative data exists on the amount of emissions that are emitted by
HDDV 8 engines during idling. Almost no published data exist for the engine during the
cold-starting period. In general, diesel engines emit less CO and hydrocarbons (HC)
when compared to gasoline engines since fuel-lean mixtures (i.e., conditions of excess
air) tend to reduce CO and HC emissions. However, diesel engines emit more PM and
NOXx per unit of fuel burned in comparison to gasoline engines. NOx emitted from diesel
engines and other combustion sources, serve as precursors in the formation of ground-

level Oz For diesel engines, the NOx portion of the exhaust gas is approximately 95%
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NO and 5% NO,.** Basically, incomplete combustion causes the formation of CO and

PM emissions.

Volatile organic compounds (VOC) are the other important class of precursorsin
the formation of ground-level O;. The VOC classification in the MOBILE6 model
includes HC emissions as measured by flame ionization detection (FID) and aldehydes.

Thetotal HC (THC) classification includes HC as measured by FID, methane and ethane.

The 5-axles or more truck fleet in 1997 was approximately 1.4 million units,
which was about 20.9% of the total national truck fleet. Of the 5-axles or more fle«t,
approximately 86.9% was comprised of tractor semi-trailer combinations. It is estimated
that about 33% of the 5-axles or more truck fleet, or approximately 400,000 heavy- heavy
diesal trucks have sleeper compartments.>® Total annual interstate VMT for HDDV in
the contiguous US for 1997 was over 100 billion miles. Annual rura interstate VMT for

HDDV was approximately 40 billion miles.®

According to arecent freight analysis forecast published by the Department of
Transportation (DOT), total domestic freight volume (i.e., air, highway, rail and water
freight combined) is expected to grow by more than 65 percent, increasing from 13.5
billion tonsin 1998 to 22.5 billion tonsin 2020. Freight trucks moved 77 percent of the
total tonnage in 1998, and they are expected to move at least 75 percent of the total
tonnage in 2020."° Thus, the number of commercial freight trucks will increase to meet
this need to transport the additional freight tonnage. Accordingly, when assessing the
effects of these factors on vehicle idling emission control scenarios, primary effort must
focus on reducing emissions in those categories that can be reduced in an effort to

12



decrease overall emissions and meet air quality standards. Since long-haul trucks have
the potential to contribute relatively high amounts of NOx and PM into the emission
inventory, many environmental planning agencies and commercial interests are now
investigating various strategies to reduce diesel truck emissions, including the emissions

from trucks that are idling for long-periods of time.

1.5 Significance of the Study

The HDDV 8 are excellent candidates for idle reduction (IR) technol ogies because
of the large number of vehiclesthat idle for substantia periods of time. Theterm IR
refers to technologies that allow driversto refrain from long-duration idling of the truck
engine by using an alternative technology. The main purposes of IR technologies are to
reduce emissions and save fuel when compared to long-duration engine idling. Two
examples of IR devices are auxiliary power units and fuel-fired heaters. Auxiliary power
units provide electrical power and heating, ventilation and air-conditioning to the cab.
They are usualy driven by smaller diesel engines. Fuel-fired heaters are used to provide
warm air to the cab during the cold winter months, and they normally rely on a secondary
fuel for energy (e.g., natural gas). Limited experimental data have demonstrated that
auxiliary power units are less polluting and more fuel-efficient than long-duration idling

of the truck.

Most important among the IR technologies is truck stop electrification (TSE)
because it has the greatest potential to reduce idling emissions and fuel usage. One
company that provides advance TSE systemsis IdleAire Technologies, Inc. with

corporate offices located in Knoxville, Tennessee. Their product is a stationary structure
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that isinstalled at the rest area, which provides each parking space with an external
thermostatically controlled, high capacity heating, ventilation and air-conditioning
(HVAC) unit. Another approach isto just provide electrical connections to each parking

space, whereby the truck must have an on-board HVAC unit.

The IdleAire TSE units are shown in Figure 1.2. A flexible duct from the main
HVAC unit connects to the truck via a window-mounted service module, which also
providesinternal 110-volt outlets for in-cab appliances. Outside on the module, separate
electric receptacles provide external 110-volt service to power refrigeration units. Other
amenities, such as telephone, television and Internet access are also provided to the cab
viathe mounted service module. Thein-cab air supply and service module are shown in
Figure 1.3. Thus, by using electricity from the local utility company’s power grid,
substantial reductions in truck idling emissions can be achieved because e ectricity
generating-power plants produce electricity more efficiently than diesel driven truck
engines, and power plants already have embedded technology for pollution control of PM

and, in most cases NOx, aswell.

Previous emission reduction estimates that have been attributable to TSE have
generally only included those idling emission savings that are associated with the driver
simply shutting-off the engine and using TSE during required rest periods. A more
thorough and realistic emission mass balance between idling and TSE should include an
estimation of the increased emissions associated with the consumption of electricity from
the power grid. However more importantly, since combustion inefficiency and the

emissions generated during the engine cold-start are known problems for internal
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combustion engines, any increased emissions due to the cold-start should also be counted
in the mass balance equations since the engine must be restarted after using TSE

technology.

1.6 Purposeof the Study

The TSE concept has the potential to significantly reduce HDDV 8 long-duration
idling emissions. Currently, major TSE projects are in various stages of development in
the states of California, Georgia, New Y ork, Tennessee and Texas. The intent of the
developers of TSE technology isto apply TSE nationwide along the interstate highway
system in commercial areas that provide diesel fuel and other services to the trucking
industry. Therefore, it isof great interest to quantify the total emission reductions that
can be expected with TSE to support future administrative decisions from standpoints of
environmental planning, human health and economic cost. To aid in thisend, it will be
necessary to examine (1) the complete emissions mass balance associated with the
production of electricity that is needed to provide TSE, (2) the diesel engine long-

duration idling emissions and (3) the engine cold-starting emissions.

The later cold-start emissions would be associated with a vehicle that participated
at a TSE facility by not idling, followed by arelatively cold-start when the vehicle was
restarted. Thus, the objective of the present study was to provide estimates of the
approximate magnitude of exhaust emissions that occur immediately after a cold engine-
start and during the extended-idling periods. The variation of emissions due to engine
idling speeds and cycling of the air- conditioning load on the magnitude of emissions

were characterized. The overall emission mass balance between truck idling and
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emissions produced from the electricity consumed in lieu of truck idling was also
investigated. Electricity utilization and related emissions from TSE were calculated for a
coal-fired power plant equipped with Selective Catalytic Reduction (SCR) technology for
NOx removal and that meets the New Source Performance Standards (NSPS) for NOx

and PM emissions.?®
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2 LITERATURE REVIEW

Numerous studies have been conducted of emissions using chassis dynamometers
on heavy-duty diesel engines where the vehicle or the engine is driven through speed-
time transient tests. However, only limited historic field data exists concerning HDDV 8
idling emissions. Interest in HDDV 8 idling emissions has been steadily increasing as
regiona planning agencies search for additional emission reductions strategies. Recently,
afew independent research groups in conjunction with government and commercial
interests have started to quantify the effects of engine speed, accessory load and other
background environmental conditions, such as ambient air temperature, on idling
emissions and fuel consumption rates. Moreover, emissions from various IR devices
have aso been evaluated with respect to the potential benefits that these devices may
provide toward a decrease in overall vehicle emissions and fuel usage. The following
sections summarize the methodol ogies and results from these research papers. The
approach and purpose of each study will be summarized first, followed by a summary of

the emissions testing results at the end of the discussion.

2.1 Major Idling Research Activities

McCormick, et.al.? measured idling emissions rates for total HC, CO, NOx and
PM from 10 heavy-duty diesel trucks at roughly 1-mile above sealevel using afull
exhaust-flow dilution tunnel. The truck model years were between 1990 and 1998. The
engine displacements and horsepower ranges were 11.1-12.7 liters (L) and 330-450
horsepower (hp), respectively. Each truck was tested while the engine was hot, within 20

minutes of completing a dynamometer driving cycle. All trucks were idled under the
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standard factory-specified idling speed. However, engine revolutions per minute (rpm)
and the use of cab accessories were not quantified in the paper. For proposes of
summarizing the results, the factory-specified idling speed was assumed to be between
600 and 800 rpm, which in the present paper is defined as low-idling speeds. Highidling
speed is defined here as engine idling at greater than 1000 rpm. The analytical methods
that were used to measure the emissions were: FID for HC, non-dispersive infrared

(NDIR) for CO, chemiluminescence for NOx and gravimetry for PM.

Brodrick, et.al.”? measured idling emissions rates for HC, CO, carbon dioxide (CO,) and

NOx and fuel consumption rates from a single 1999 class-eight diesel truck using an
emission measurement trailer that was on loan to the research group from EPA. The
analytical methods used in the EPA measurement trailer were not mentioned in the paper.
The engine horsepower for the vehicle was 450 hp. Theidling test conditions were as
follows: (1) standard idle (600 rpm) after cruising 55 miles per hour (mph) for 10-
minutes (min); (2) standard idle after running a 10-min transient cycle; (3) standard idle
with the air-conditioner (AC) running after performing a 10-min transient cycle; (4) high
idle (1050 rpm) with the AC running after performing a 10-min transient cycle; (5) high
idlewith AC running for 5-hours (hrs). The transient cycle consists of driving the vehicle
through awide variety of different speeds and loads to simulate typical light and heavy

traffic conditions with frequent stops and starts with acceleration and decel eration phases.

Lint conducted two idling studies on nine, class-eight diesel vehicles and two
auxiliary IR devices. One IR was adiesel direct-fired heater, and the other was a diesel

auxiliary power unit, which is used to supply electric power to the refrigeration unit of
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the trailer. Emissions were compared between the trucks and the IR devices to determine
if anet emission saving could be achieve from the use of IR. The first study was a short
introductory study; the testing occurred on four trucks. The second idling study was
performed with five trucks. The second study was also done in collaboration with
researchers from the Storey group (see below). Idling emissionsrates for HC, CO, CO,
and NOx and fuel consumption were measured using the EPA Realtime On-road Vehicle
Emissions Reporter (ROVER). However, only idling emissions for CO, and NOx and
the fuel consumption rates were reported in the paper. The truck model years for the
combined studies were between 1985 and 2001. The engine displacements and
horsepower ranges were 12.7-14.6 L and 370-500 hp, respectively. All trucks were
tested in a climate-controlled chamber at low idle (between 600 and 800 rpm) and/or at
high idle (between 1,000 and 1,200 rpm) in the following environments: (1) 90-degrees
Fahrenheit (F) with the AC running, (2) O F with the heater running and (3) 65F with no
accessory load applied. For the AC and heater conditions, the truck cab was maintained
at 70 F. The analytical detection method used by ROVER to measure HC, CO and CO,

was NDIR. An electrochemical sensor was used to measure NOX.

Storey, et.al.* conducted tests on five of the nine, class-eight vehicles from the
Lim study (see above). Idling emissions rates for HC, CO, CO,, NOx, and PM and fuel
consumption rates were measured using the EPA ROVER. Aldehydeidling emission
measurements were also conducted but are not reported in this paper. Two methods were
used to quantify the PM: Tapered Element Oscillating Microbalance (TEOM) and
conventional filter collection. The truck model years were between 1992 and 2001. The
engine displacements and horsepower ranges were 12.7-14.6 L and 370-500 hp,
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respectively. All trucks were tested in the same climate-controlled chamber and under

identical engine load and rpm conditions as in the Lim study.

2.2 Minor ldling Research Activities

Tang, et.al.”® conducted dynamometer emissions tests on 35 heavy-duty diesel
trucks using two test-driving cycles. Eight of the trucks were HDDV8. The truck model
years were between 1988 and 1999. Engine displacements and horsepower were not
reported in the paper. Periodically during the dynamometer test-driving cycle, the engine
was idled for 100 seconds in duration. Emissions were measured with bench-top
instruments from a sampling port located downstream of a constant volume sampling
dilution tunnel. Emissions from HC, CO, CO,, NOx and PM were measured. Idling
emissions were calculated fromthe 100-second idling periods that were extracted from
the continuous sampling data. 1dling emissions and comparisons between the idling

emissions and the dynamometer test-driving emissions were reported in the paper.

Lambert, et.al.”® measured the emi ssions from 40 heavy-duty diesel trucks at a

roadside intersection rest area using portable emission measurement instruments. The
truck model years were between 1993 and 2001. Engine displacements and horsepower
were not reported in the paper. Emissions for CO, CO,, NOx and PM, and fuel
consumption were measured under different configurations of stationary idling, engine
accessory load and on-road driving conditions. The stationary test matrix included low
and high idling (i.e., engine default and 1000 rpm, respectively) with on and off modes
for AC usage. Following the curb idling test, drivers were asked to volunteer for the

experimental on-road test, which consisted of a pre-trip idle, acceleration, cruise,

20



deceleration and post-trip idle. Time durations for the idle tests were between one and
five minutes. Since thiswas a preliminary paper, only idling NOx emissions and relative

fuel consumption rates that occurred during idle testing were discussed in the paper.

2.3 Summary of Historic Field-Testing Data

The results from the McCormick, et.al., Brodrick, et.al.??, Lin?> and Storey,
et.al.? studies are summarized in Table 2.1. (Note: all tables and figures are located in
the appendices.) These results were grouped together because it is believed that the
vehicle testing programs of the studies were characteristic of the long-durationidling
periods, which are common to roadside rest areas. The reported units for emissions are
gram per hour (g/hr), and the units for fuel consumption are gallons per hour (gal/hr).

Percent RSD is expressed as

RSD = % x100 (2.1)

where, SD = Standard deviation of values and

X = Mean of the values.

The results shown in the table for each research group were calculated from tabular data
that were available in the publications. It should be noted that some of the vehicle
emission data from those papers were not used to calculate the descriptive statistical
valueslisted in Table 2.1 because those vehicles did not fall within the HDDV 8 category.
For example, of the two vehicles that were tested and reported as average resultsin the
McCormick study, one was a minor weight-rated rental truck (GVWR 25,900 |bs), and

the other was a school bus. The overal averages, percent RSD and minmum/maximum
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values were also calculated from the original data. In summary, the approximate overall
averages are HC = 34 g/hr, CO = 75 g/hr, CO, = 8,640 g/hr, NOx = 142 g/hr, PM = 3.3

g/hr and fuel consumption = 0.9 gal/hr.

Raw datathat were used to generate the summariesin Table 2.1 were also plotted
asafunction of the engine load and rpm conditions. These plots are shown in Figure 2.1
for HC, CO, CO,, NOx and PM emissions and for the fuel consumption rate. Six
categories are represented along the x-axis in the individual plots: air-conditioner
running at high and low engine rpm (A-H and A-L, respectively); heater running at high
and low engine rpm (H-H and H-L, respectively); no-load condition at high and low
engine rpm (N-H and N-L, respectively). The horizontal linesin the mid region of the six
plots indicate the overall means for the 2x3 matrix of engine idling speed and accessory
load conditions. These overall means are also the literature review averages that were

summarizedin Table 2.1.

Mean diamonds were used in the plots as an aid to visualize the data (i.e., one
diamond per category or group). The x-axisis also divided proportionally by the group
sample size (n). Hence, diamonds that are elongated in the x-direction are those groups
with larger relative sample sizes. The centerline that divides the large diamond is the
group mean for that category. The two smaller diamonds that lie within the larger
diamond represent the 95% confidence interval for the group mean. These confidence
intervals (i.e., the smaller diamonds) can be used to compare group means. Overlap of
smaller diamonds between groups indicates that those two groups are not different at the

95% confidence level. For example referring to the NOx plot in Figure 2.1, the A-H
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group mean is not significantly different from the H-H and N-H group means.
Conversdly, the A-H group mean is significantly different from the group means of A-L,

H-L and N-L.

Closer inspections of the plots reveal that the magnitudes of the idling emissions

are generally larger for the high rpm conditions. This effect would be expected since a
positive correlation exists between emissions and fuel consumption, and fuel
consumption is higher at high rpm and higher engine loads (i.e., heating and AC). Itis
also obvious from inspection of the graphs in Figure 2.1 that broad ranges of emissions
are possible during idling tests. Referring again to the NOXx plot for example, the range
of values for the A-H group was between 70 and 350 g/hr. Theidling emissions that are
shownin Figure 2.1 are also summarized in Table 2.2. So, comparisons of the minimum,

maximum and average values can be examined for the engine load and rpm conditions.

The results from the Tang, et.a.” and Lambert, et.al.?® papers are discussed
together because the idling emission rates from these studies may be more characteristics
of short time idling emissions from stop-and-go traffic. It should be noted that the testing
results from these studies could not be grouped together into a single table because the
raw data from the Lambert paper were not included in the summary of results. The
summary from the Tang study is shown in Table 2.3. The approximate average idling
emission rates are HC = 11 g/hr, CO = 26 g/hr, CO, = 7,530 g/hr and NOx = 96 g/hr. In
contrast with the overall summary resultslisted in Table 2.1, the average emissions from
long-duration idling were larger than the average results from the Tang study by factors

of 3.1for HC, 2.9 for CO, 1.1 for CO, and 1.5 for NOx. The maximum emissions were
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larger by factors of 2.9 for HC, 4.9 for CO, 1.4 for CO, and 1.9 for NOx. On the other
hand, the minimum values from long-duration idling were generally lower than the
minimum results from the Tang study. Discrepancies between these studies may be due
to differencesin the test vehicles and testing conditions. It is also possible that the recent
operating history of the engine or the length of idling time over which emissions

measurements were made may have affected the emission levels.

The preliminary results from the Lambert study for NOx idling emission are
shownin Table 2.4. The minimum and maximum ranges are listed for high and low
engine idling speed for the AC modes of operation (i.e., AC running and AC not
running). The values listed in the table are at best only approximations that are derived
from graphical results because the raw data were not divulged in the paper. Nevertheless,
close inspection of Table 2.4 reveals once again that the high idling engine condition with
the AC running generated the highest NOx emission rate and that wide ranges of

emissions are likely during idle testing.

To demonstrate that average emissions levels may not provide a complete picture
of idling emissions, the test resuts from the Brodrick study, which was discussed earlier,
are presented in greater detail in Table 2.5. It must be noted that two cruising tests
conducted at 55 mph are aso included in this table for comparison purposes between
engineidling and actual driving emissions. As shown in the table, the observed
differences in emissions between engine test conditions 1 and 2 indicate that the
conditions prior to idling may affect the idling emission behavior of the vehicle?” When

the engine idling speed was increased from 600 to 1050 rpm with the air-conditioner
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running (i.e., condition 3 to 4), emissions of NOx and CO increased by factors of 1.53
and 5.62, respectively. A largeincrease in CO emissions aso occurred between the high
engine speed and long idling situations (i.e., between conditions 4 and 5). The emission
produced while cruising at 55 mph (condition 7) were approximately 3.5 times greater
than the NOx emissions that were produces during long-term idling at high rpm

(condition 5).

In conclusion, the historic truck testing data indicated that there islarge variability
between individual vehiclestested at different engine idling speeds and accessory in-cab
loading conditions. There may be differences in emission patterns and emission levels
between short-term and long-term idling. Limited evidence suggests that emissions at
idling may be affected by the idling duration period and the operating conditions of the
vehicle prior to idling. The average emissions levels may provide an incomplete picture

of idling emissions.

24 MOBILEG6 Emission Factors

If certain assumptions are made, the US EPA MOBILE6 model can be used to
estimate idling emissions.®® Several of the researchers, which were discussed in the
previous section (e.g., McCormick, et.al.?!, Brodrick, et.al.??, Tang, et.a.” and Brodrick,
et,a.?") also had compared the idling emission rates gathered from their field-testing
studies to the idling emissions obtained from an algorithm in the MOBILESb model.
What these researchers essentially found was that the emissions generated from

MOBILE5b model always underestimated idling emissions.
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For purposes of thisliterature review and study, MOBILE6 was used to predict
HDDV idling emissions rates for the calendar year 2000 fleet by applying the default

parameters that are built into the program.

The other parameters used in the model are as follows:

Evaluation month - January

Minimum and maximum temperatures 66 and 90 F, respectively
Pollutants - HC, CO, CO,, NOx and PM

Cut-off sizesfor PM: 10 and 2.5 nm

Diesel sulfur concentration - 500 parts-per-million (ppm)

Average vehicle speed - 2.5 mph for the arterial roadway category.

The minimum speed allowed by MOBILEG is 2.5 mph. In actuality, truck idling occurs
at zero mph. Lacking nore specific data, the usual modeling convention is to assume
that idling emissions are equivalent to driving at 2.5 mph. Since the model reports
emissions factors in units of g/mile, the conversion of emission factors to units of g/hr

was achieved by multiplying the MOBILE6 emission valuesin g/mile by 2.5 mph.?®

The MOBILES idling emission factors for the calendar year 2000 fleet are shown
in Table 2.6 for HDDV, HDDV7, HDDV8A, HDDV8B and HDDV 8 for the 2.5 mph
average speed arterial roadway. The HDDV 8 category was compiled from the VMT
distribution mix from HDDV8A and HDDV 8B for the year 2000. As an illustration, the
emission factors for HDDV8 are THC = 7.8 g/hr, CO = 63 g/hr, CO, = 4,131 g/hr, NOx =

84.1, PM, = 1.6 g/lhr and PM, s = 1.5 g/hr. Comparisons of these HDDV 8 emission
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values with the overall average values shown in Table 2.1 that were established from a
review of the literature reveal that the average field-testing measurements are between
1.7 and 4.4 times larger than those values predicted by MOBILESG at the 2.5 mph average
speed, suggesting that the assumption that idling emissions are equivalent to a truck

moving at 2.5 mph is not well justified in the case of idling HDDV 8.

To demonstrate the full range of emission rates that are possible at various speeds,
the MOBILE6 model was used to generate emission rates for NOx and PM at 5, 10, 20,
40, 50 and 60 mph for the HDDV categories using the original default scenario
parameters. The emission factors in units of g/hr were calculated by multiplying the
MOBILEG6 emission values in units of g/mile by the respective average speed that was
used in the input file for the model runs (i.e., 5, 10, 20, 40, 50 and 60 mph). The
emissions rates from MOBILE6 were then plotted for all model runs starting at 2.5 mph

and going through 60 mph.

Plots of the NOx and PM emission factors in units of g/hr versus highway speed
in mph are aso shown in Figure 2.2 and Figure 2.3, respectively. The solid-lines shown
in the figures represent the MOBILE6 emission factors for the vehicle categories (i.e.,
HDDV, HDDV7 and HDDV 8) as a function of vehicle speed. The dashed horizontal
lines shown in the graphs correspond to the average, minimum and maximum overall
idling emission rates that were determined by actual long-duration field-testing. These
descriptive statistical values were taken from the overall summary section in Table 2.1.
Referring to Figure 2.2, it can be seen that the average idling NOx emission rate for the

HDDV 8 category (i.e., 142 g/hr) occurs closer to 5 mph and not at 2.5 mph. The
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minimum and maximum idling emission rates (i.e., 19.8 and 353 g/hr, respectively)

occurred between 0 and 15 mph.

It must be remembered that MOBILE6 was developed to model on-road vehicle
emission inventories. It should not be used to create extended-idling emission factors or
model emissions from long-duration idling trucks. Quite frankly, the MOBILEG User’s
Guide asserts that it should not be used to model “hoteling” behavior.* By itself,
“hoteling” was not defined in the guide, but intuitively it must refer to the rest practices
and behavior of long-haul truck drivers. To further clarify thisissue, the EPA in January
2004 issued guidance for quantifying and using long-duration truck idling emission
reductions in SIP and transportation conformity.?® For purposes of the guidance, long
duration idling was defined as the operation of the engine for a period greater than 15
minutes when the truck is not engaged in gear. For usein stationary TSE projects, EPA

has al so provided long-duration idling emission factors (EF) for NOx and PM.

Between the years 2002 and 2030, the EF that EPA recommends for NOx is 135
g/hr. The EF for PM ranges from 0.33 to 3.68 g/hr depending on the year in which the
emission reduction is gererated. Table 2.7 lists the EF for PM by year. Referring again
to the average values shown in Table 2.1, the current literature review emission factors
for NOx and PM were 142 g/hr and 3.33 g/hr, respectively. Note that both values
compare favorably with the EPA suggested values. (Also notein Table 2.7, the EPA is
anticipating that the HDDV particulate matter emissions will go down approximately

90% by the year 2030.)
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The EPA’s Office of Transportation and Air Quality is currently developing a
new generation mobile source emission model for state and local air management
agencies to use in simulating mobile source emissions.*® The new mode is called the
Motor Vehicle Emission Simulator (MOVES), and it will replace the current mobile
source emission model called MOBILE. The new model will estimate on-road and nort
road sources, cover a broad range of pollutants and allow multiple scale analysis. Itis
anticipated that MOV ES will also be able to model cold-start and extended-idling

emissions for heavy-duty diesel truck “hoteling” scenarios.

25 Overview of Particulate Emissions and Sampling Diesel Exhaust

The typical composition of diesel exhaust, as reported by two different researches,
are (1) 41% carbon, 25% unburned oil, 14% sulfate and water, 13% ash and other
compounds and 7% unburned fuel® and (2) 31% carbon, 40% unburned oil, 14% sulfate
and water, 8% other unknown compounds and 7% unburned fuel.'> Major disagreement
among reported compositions were between percent carbon and unburned oil. Soot and
unburned fuel are similar concepts as elemental carbon (EC) and organic carbon (OC),
respectively. The generally accepted model of diesel engine PM isthat of a core of
agglomerates of elemental carbon, or soot, onto which is adsorbed a layer of condensed
hydrocarbons and sulfuric acid derived from the SO, generated from the sulfur in the
fuel. Further solid material in the form of metal ash compounds derived mainly from
lubricating oil can become entrained in the PM. In addition, water can al'so condense and

adsorb on sulfate species.®* Figure 2.4 shows a schematic representation of diesel PM.
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Raw diesel exhaust is typically incompatible with most real-time PM analyzers.
The PM concentration in the raw exhaust often exceeds the measurement range of the
analyzer. Therefore, dilution-sampling systems are frequently used to measure PM in
diesel exhaust, or PM is measured by collecting and weighing on filter paper after a
known volume of exhaust gas has been passed through the filter. Thereis growing
evidence that the physical characteristics of the dilution sampling systems may alter the
size, mass and composition of the PM, as aresult of changes in residence time,
temperature, humidity and dilution.®*3**® These factors more strongly affect the particle
size distribution rather than the mass of the particle because mass tends to be conserved
during dilution. Yet it has been al'so demonstrated that the dilution ratio and cooling can

influence the formation of the soluble organic fraction (SOF) component of PM.

The SOF is heavy molecular weight hydrocarbon derived from the diesel fuel and
lubricating oil. Theterm “soluble” originates from the analytical method that is used to
measure SOF, which is based on extraction of PM samples using solvents. SOF is not to
be confused with the volatile organic fraction (V OF), which is the organic fraction of
diesel PM as determined by vacuum evaporation. Depending on the analytical procedure,
the VOF may include the organic material (i.e., SOF) as well as some of sulfate

particulates, composed primarily of hydrated sulfuric acid, that are also volatile.®

The effects of cooling the exhaust gas on mass concentration, composition,
number distribution and number-average diameter of diesel PM were analyzed.*” Results
showed that upon cooling the exhaust gas, the mass concentration of the total PM and

SOF in the PM was increased. Peak diameter of the PM number distribution was also
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shifted towards larger PM and the total PM number decreases, whereas the number-
average diameter of the PM increased. The important point being made is that the
dynamics of PM formation during dilution and cooling are still not clearly understood.
Additionally, the dilution-sampling apparatus may introduce extraneous variables into

PM measurement.
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3 METHODOLOGY

In the present study, cold-start and long-term duration idling emissions were
measured in the field from HDDV 8B using portable emission monitoring systems
(PEMS). Real-time mass emissions of CO, NO, NO, and PM were measured and used to
generate typical average cold-start and long-duration idling emission factors on agrams
per hour basis. The percent CO, in the exhaust stream was measured and used to

estimate the diesel fuel consumption rates for the test conditions.

3.1 Experimental Protocol

Twenty-four heavy-duty diesel trucks were tested during the summer and fall
months between June and November 2004. Important vehicle and engine information are
listedin Table 3.1. The truck model years ranged between 1992 and 2004; the odometer
readings ranged between 60 and 835,000 miles. Pie charts summarizing truck body and

engine manufacturer, model year and engine displacement are shown in Figure 2.5.

All vehicles were tested at ambient environmental conditions at low and high
engineidling speeds. Low-idling speeds were between 600 and 800 revolutions per
minute (rpm). The as-received condition or the factory idle setting established the low-
idling speeds, especially for cold-start testing. The high-idling condition was chosen at
1000 rpm. The rpm was set in each truck using the electronic onboard cruise control
module. Each truck was tested with the cab air-conditioner at the maximum output (i.e.,
AC-On setting) and with the air-conditioner system not operating (i.e., AC-Off setting).
The trucks were not subjected to any special maintenance procedures. They were tested

asreceived or asrented and used locally available standard diesel fuel. Each truck was
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parked overnight in a staging areafor at least 12-hours before cold-start testing was
conducted the following day. Before engaging the engine for cold-start testing, the air-

conditioner switch was set to operate at maximum output (i.e., AC-On setting).

Time-resolved emission measurements during engine cold-start and idling periods
were collected. During testing, emissions were shown to reach steady-state condition
within two to three hours after starting the engine. After the engine warm-up period,
additional idling tests were conducted on each vehicle through the following typical
progression: cold-start at low-idle with the AC-On (run time approximately 3-hrs), low-
idle with the AC-Off (runtime approximately 2-hrs), high-idle with the AC-Off (run time
approximately 1-hr) and finally high-idle with the AC-On (runtime approximately 1-hr).
It should be noted that this sequence was chosen, as it typically resulted in a greater |oad

on the engine with each consecutive test.

3.2 Instrumentation
3.2.1 GaseousAnalyzer

Exhaust gasses were measured with an ECOM Model AC-Plus portable analyzer.
The instrument was obtained from ECOM America Ltd., 1895 Beaver Ridge Circle, Suite
N, Norcross, Georgia. The probe body was approximately 1 foot in length, and the
sampling line was 15 feet in length. The analyzer incorporated an internal pump, radiant
gas cooler and self-draining moisture trap to condition the gas sample. The pump
delivered afixed flow rate of 2.5 liters per minute (Ipm) to separate el ectrochemical
sensors. The analyzer was configured to measure O,, CO, NO, NO, and SO,

concentrations. Ambient temperature, stack temperature and stack pressure were also
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measured by the analyzer. The analyzer also reported CO, and NOx concentrations,
combustion efficiency and excess air (lambda). However these parameters are calculated

values rather than measured parameters.

The analyzer was calibrated once per week or more frequently, on an as needed
basis. During calibration, a different EPA protocol calibration gas was used for each
electrochemical sensor. The analyzer was allowed to acclimate to the ambient
temperature and compl ete the Auto Zero/Span procedure prior to beginning the emission
test. The probe was inserted into the designated sampling port in the primary chamber
and the analyzer was alowed to draw the gas sample. All parameters were measured
continuously. The analyzer reported concentrations in units of actual conditions of
temperature, pressure, exhaust moisture and oxygen concentration. The operating

parameters for the ECOM analyzer are summarized in Table 3.2.

3.2.2 Particulate Matter Analyzer

The PM was measured with a DataRAM Model DR-4000 portable aerosol
analyzer. Theinstrument was obtained from Thermo Electron Corp., 7 Oak Park,
Bedford, Massachusetts. The unit was operated as a single wavelength light scattering
photometer at a wavelength of 880 nanometers (nm). The sampling flow rate is user
selectable with arange between 1 to 3-Ipm. An inline jet-to-plate type impactor head was
attached to the DataRAM to measure PM, 5 (i.e., PM with an aerodynamic equivalent

particle diameter of 2.5 mm or less). The impactor has a cassette filter, which collects the

PM that does not pass through the jet-to-plate. The 2.5 mm cut point was obtained at the



flow rate of 2 Ipm. The analyzer measured instantaneous, average and maximum

concentrations of PM. The unit also recorded sample gas temperature and humidity.

The DataRam was al so equipped with an internal membrane filter, which was
used to collect an integrated sample of PM, s over the entire test period for any given
vehicle that was tested. This provided the ability to gravimetrically determine the mass
of PM, 5 sampled during the test period. The impactor cassette filter was al'so weighed,
and the data were used to provide an estimation of the PM greater than 2.5 mm. The sum
of the weight collected on the internal membrane filter and the impactor cassette filter
provided the total mass collected. The gravimetric data from each test was used to
calibrate the response of the instrument for each test. The material of composition for
both membrane filters was mixed cellulose ester. Specifications for the internal
membrane filter were 37 mm in diameter and 0.8 nm for pore size. For the impactor
cassette filter, the specifications were 25 mm in diameter and 5.0 nm for pore size. All
filters were pre- and post-conditioned in a desiccator before being weighed with a

microbalance scale.

The analyzer probe assembly was attached to the inline impactor, which was
attached to the dilution chamber. The analyzer was allowed to acclimatize to the ambient
temperature and compl ete the Auto Zero/Span procedure prior to beginning the emission
test. The instrument reported concentration in units of actual conditions of temperature,
pressure, exhaust moisture and oxygen concentration. A summary of the output and

operating parameters for the DataRAM is shown in Table 3.2.
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3.2.3 Exhaust Gas Flow Meter

The diesel exhaust flow rate of the vehicle was measured with a Kurz Model
454FT-12-MT insertion flow meter. The instrument was obtained from Kurz Instruments
Inc., 2411 Garden Road, Monterey, California. The Kurz flow meter is a point velocity-
sensing thermal anemometer that required an insitu calibration using a velocity traverse
of the flow profile. Flow rate from the Kurz meter was reported in units of standard
cubic feet per minute (scfm). The Kurz flow meter was field calibrated by conducting
velocity traversesinside the primary test chamber using atype S pitot tube. Table 3.2

lists the operating parameters for the Kurz flow meter.

3.24 Miscellaneous Equipment

The moisture content of the diesel exhaust was measured with a DigiSense
Temperature/Humidity Logger. The DigiSense was obtained from Cole-Parmer
Instrument Co., 625 East Bunker Court, Vernon Hills, Illinois. Inputs from the probe

also provide exhaust temperature and dew point data.

Engine operational data were collected using a NEX1Q Technology Pro-Link

heavy-duty standard communication hardware/software kit. 1t was obtained from
NEXIQ Technologies, 2329 East Walton Boulevard, Auburn Hills, Michigan. The Pro-
Link kit connects directly to the electronic control module (ECM) of the engine. It
allowed visualization and/or downloading of engine parameter and diagnostic
information to a personal computer during testing. Engine parameters that were collected
by Pro-Link are coolant and oil temperature, oil pressure, intake manifold temperature,
idling speed and operating load.
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The dilution air required to cool the exhaust gases to the temperature limit needed
for the DataRAM was measured with surface mounted Dwyer Rate-Masters, Model RMC
rotameters. The rotameters were obtained from Dwyer Instruments, Inc., 102 Highway
212, Michigan City, Indiana. These devices were necessary to balance the exhaust gas
and ambient air into the dilution tunnel at near isokinetic conditions and required for
maintaining the temperature of the dilution air at below 120 F. Data collected from this
instrumentation were used to calculate the dilution ratio. The rotameters were factory
calibrated. Static pressure and temperature were measured in the dilution chamber with
surface mounted Dwyer magnahelic gauges and bimetal thermometers, respectively.

Data collected from these sensors were necessary to convert the gas flow rates from non

standard gas conditions to standard gas conditions of temperature and pressure.

3.3 Sampling System

A two-stage sampling system was used to measure exhaust emissions. Figure 3.1
illustrates the location of the key components of the sampling system. Gaseous emissions
were measured in the primary sampling chamber. The PM emissions were measured in
the secondary sampling chamber (or dilution chamber), due to the need to cool the flow
by dilution to avoid exceeding the maximum operating temperature of the PM monitor.
The vertical muffler of each truck was disconnected from the engine exhaust pipe that ran
beneath the cab from the engine turbocharger to the side or the back of the cab. The
primary sampling system was connected to the engine exhaust pipe viaaflexible
stainless steel hose. Approximately 20 feet separated the primary sampling chamber
from the turbine outlet. The dilution chamber was attached through the downstream 90-

degree elbow of the primary sampling chamber viathin wall stainless-steel tubing.
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Figure 3.2 shows the sampling chamber attached to atest truck viathe flexible
stainless steel hose. In the figure, the Kurz meter is located on the top-front segment of
primary sampling chamber. Figure 3.3 shows the overall view of the mobile test stand
and the location of all the instrumentation. Figure 3.4 shows the side view of the primary
sampling chamber. In thisfigure, the ECOM analyzer and personal computer, both
located beneath the primary sampling chamber on the lower section of the mobile test
stand, are clearly visible. Also, the location of the ECOM probe can be seen on the side-
rear segment of the primary sampling chamber. Figure 3.5 shows the side view of the
secondary sampling chamber. The dilution chamber, which is attached to the 90-degree
elbow of the primary sampling chamber, is clearly shown in the figure; the DataRAM

and impactor are attached to the dilution chamber.

3.3.1 Primary Sampling System

The primary sampling chamber contains sampling ports for instrumentation and
permits bypassing the vertical exhaust muffler of the truck. The dimensions of the
sampling chamber are 8 feet in length and 8.25 inchesin diameter. It was constructed of
316 stainless steel pipe and fittings. A flexible stainless steel hose was used to join the
sampling chamber to the turbine outlet of the truck. Combustion exhaust gas was
directed away from the area through a high temperature resistant, polymer flexible pipe,
which is attached to the downstream side of the sampling chamber and stretched along
the ground. The ECOM gas analyzer probe, the Kurz flow meter sensor and the
DigiSense humidity sensor were inserted through sampling ports situated along the side
of the primary sampling chamber. The exhaust gas-phase species concentrations, flow

rate, temperature and humidity were measured inside the primary sampling chamber.
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The dilution chamber and other essential monitoring and recording equipment are also
attached to the primary sampling chamber. The entire apparatus was mounted to a 10-

foot long by 3-foot high tube steel, mobile cart.

3.3.2 Secondary Sampling (Dilution) System

The dilution chamber was required to continuously extract a representative
sample from the primary chamber and then cool it, to well below the safe operating
temperature of the DataRAM, by mixing exhaust gas with cleaned and dry ambient air.
Dimensions of the secondary sampling system are 3 feet in length and 1 inch in diameter.
It was constructed of 316 stainless steel pipe and fittings. Thin wall tubing connected the
dilution chamber to the primary chamber and to the PM analyzer, without any bends or
changesin direction. The tubes were sized to achieve near isokinetic conditions at the
inlet to the dilution chamber and at the inlet to the DataRAM. Two regenerative blowers
(or pumps) were used to mix ambient air and exhaust gas. Rotameters were attached to
the dilution chamber to control and measure the flow rate of the dilution air. Bypass
values were used for coarse flow control. A high-efficiency particulate (HEPA) filter and
the desiccant Drierite were used to remove particles and moisture, respectively from the
ambient air. Temperature and pressure gauges located adjacent to the rotameters were
used to allow correction of the gas flow rates from nonstandard operating conditions to
standard gas conditions (i.e., temperature at 68 F and pressure at 1-atmosphere). The
DataRAM unit, which attached directly to the opposite end of the dilution chamber, was

used for measuring total PM and PM, 5 concentration in the exhaust gas.
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3.4 Collection and Treatment of Data

The internal data logging capacity of the analytical equipment was utilized to
collect all data during actual testing, after which the data were transferred to a personal
computer. The truck engine operation during the warmup period (between starting the
engine and until steady-state emissions were reached) constitutes the cold-start period.
Emissions were also averaged over the first 5-minute, 10-minute and 15-minute time
periods after a cold engine start to generate cold-start 5-minute (CS-5), CS-10 and CS-15
emission factors, respectively. Data collected after emissions reached steady-state
constituted the long-duration or extended idling period. Ternminute averaging periods
were selected from the long-duration data at |ocations in the data where the emission rate
was relatively constant on the emission curves. All cold-start and idling emission factors

were reported in units of grams (pollutant) per hour (g/hr).

Emission rate calculations for the gaseous pollutants (i.e., CO and NOx) from
continuous measurement data were relatively straightforward. Concentration (C))
measured by the analyzer multiplied by the flow rate (Q) as measured in the sampling
chamber equals the mass of pollutant emitted per time (M)), i.e., M; = C,Q;. Standard
units of concentration and flow rate (e.g., mg/ dry nT @ 7% O,) are not necessary as long
as conditions of temperature, pressure, moisture and percent O, are consistent for both
paired concentration and flow rate value in the equation. The continuous emission rate
datafor selected time periods were then averaged to derive the typical average cold-start
and extended-idling emission rates. Sample calculations for real-time CO and NOx

emission rates are shown in Appendix C1.1 and C1.2, respectively.
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Determination of the PM emission rates from continuous measurement data were
more complex than the calculations for the gaseous pollutants because dilution of the
exhaust gas had to be incorporated into the emission rate computations. For the PM
system, the actual volumetric flow rate (Q,) into the dilution chamber and the actual
sampling flow rate (Q,) of the DataRAM were unknown, as well as, the density (r) of the
gas that resulted from mixing ambient air and exhaust gas inside the dilution chamber.
The numerical subscripts refer to the flow locations on the dilution sampler that is shown

in Figure 3.1.

The automatic flow rate control of the DataRAM is based on sensing the pressure
differential across an orifice at the exhaust of the flow system of the DataRAM. The
functional relationship between orifice pressure drop (Dp) and volumetric flow rate (Q) is

given by the following equation:

Do =kr Q (3.1)

where,

k = system constant related to discharge coefficient and area of orifice and

r = density of air at factory calibration of temperature and pressure conditions.

The user specified sampling flow rate (Q) was fixed at 2-lpm. Conversion from sampling

in air to sampling in exhaust gasis as follows:

—=rQ and rQ=r,Q,
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thus, Q, =Q rr_ (3.2)

4

where, Q;= Actua DataRAM sampling flow rate and

r , = Density of sample, diluted exhaust gas air.

It will be assumed that the molecular weight of the exhaust gas in the primary chamber
and molecular weight the mixture of ambient air and exhaust gas in the dilution chamber
areequal. The basisfor the assumption of equivalence between the molecular weights of
the gasesis shown in Figure 3.6. Data used to create the plot were obtained from
published thermodynamic gas tables.*® The plot shows the molecular weight for the
complete combustion of several hydrocarbon fuels containing carbon and hydrogen
(CH,) and air as afunction of the percent theoretical fuel. The percent theoretical fuel for
combustion increases from (i.e., pure air) to 100% (i.e., air-fuel stoichiometric condition).
The relation CH, g is @ good approximation for diesel fuel.”® Vaues of n, the atomic
ratio of hydrogen (H) to carbon (C), were chosen in the range 1.430 to 2.142. The
molecular weight values for the diesel fuel were interpolated between the H:C range

1.668 to 1.907, and a best-fit line was drawn through the data points.

As shown in the figure, the slope of the lineisrelatively flat. Differencesin MW
are especialy small between 10 and 40% theoretical fuel. At the limits between pure air
and 100% theoretical fuel, the molecular weight only varied by approximately 0.4%.
Since diesel engines always operate less of the stoichiometric condition and engineidling

normally occurs at much less than 30% of the theoretical fuel condition, it is believed that
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the molecular weight assumption was valid. The governing equations and sample

calculations for real-time PM emission rates are shown in Appendix C1.3.

Finally, the fuel consumption rate was calculated in gallons per hour (gal/hr)
using percent of CO, in the exhaust gas as reported from the ECOM analyzer.
Remember the ECOM analyzer did not directly measure CO,. Instead, the analyzer
measured the O, concentration and calculated CO, percent using the following formula:

CO, = Max CO, - Measured O, ¢
e 21 g

(3.3
where, Max CO, = stoichiometric percent of CO, on adry basis (i.e., approximately
15.3% using the CH 4 gy basis), and Measured O, = oxygen percent in the exhaust gas as
measured by the ECOM analyzer. It must be noted that the fuel consumption rates
reported in the present paper are approximations rather than truly measured parameters.
Again for illustration purposes, sample calculations are shown for the fuel-consumption

ratein Appendix C1.4.
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4 RESULTS/DISCUSSION

4.1 Emission Rate Behavior for Heavy-Duty Diesel Vehicles

A graph of the CO, NOx and PM, 5 emission rates for an entire testing period is
shownin Figure 4.1 for the 1996 Freightliner truck (ID#1) to illustrate the typical
response of emissions that occurred during the idling cycles. Notice that when the engine
started, NOx emissions peaked between 350 and 400 g/hr, and CO emissions peaked
around 100 g/hr. These emission rates gradually declined, over time as the engine
warmed or until steady-state was achieved. For NOx, steady-state was reached about
three hours after cold-starting the engine, whereas it took only about one hour for the CO
emission to reach steady-state. Whenthe engine idling speed was increased from 750 to
1000 rpm and/or the setting of the air-conditioner was switched from “off” to “on” mode,
the gaseous emissions also increased in magnitude and remained relatively stable
throughout the testing period. Asshown in Figure 4.1, the typical gaseous emission rates
for the engineidling at 750 rpm with the AC-Off were approximately 140 g/hr NOx and
40 g/hr CO. With the AC-On, they were approximately 250 g/hr NOx and 50 g/hr CO.
Typical gaseous emission rates for the engine idling at 1000 rpm were approximately 155
o/hr NOx and 55 g/hr CO with the AC-Off. Emissions were approximately 255 g/hr NOx

and 65 g/hr CO with the AC-On.

For PM emissions during the cold-start period, the high initial peak and gradual
drop-off in emissions, which were characteristic for gaseous emissions, did not occur for
the truck that wasillustrated in Figure 4.1. PM emissions also appeared to creep or drift

over time during some of the idling test periods. In addition, emissions did not



completely achieve steady-state during the engine idling and air-conditioner tests. It
should be noted that these characteristics of the PM curve were seen in about 35% of the
trucks that were tested. However for the other truck cases, a series of emission spikes
that varied in magnitude occurred throughout the cold-start period and engine idling/air-

conditioner tests, which were similar to the gaseous emissions curves.

Asshownin Figure 4.1, typical PM, s emission rates for the engineidling at 750
rpm were approximately 4.9 g/hr at the AC-Off setting and approximately 5.4 g/hr for the
AC-On setting. Typical PM, s emission rates for the engineidling at 1000 rpm were
noticeably higher for this truck at approximately 8.3 g/hr with the AC- Off and
approximately 7.6 g/hr with the AC-On. Also note again, that during the AC-Onidling

test, the PM emission rate did not completely achieve steady-state.

At present, there is no solid data to explain the cause of the variations in the pattern
between the gaseous and PM emission curves. It is possible however that for PM
emissions, the engine performs more and more poorly during extended idling. Some
evidence seems to suggest that incompletely burned fuel in the form of PM can
accumulate in the exhaust system by a phenomenon called wet-stacking.*® When the
engineis operated at low idling speed the exhaust temperature is cooler, which is
conducive for the condensation of liquid droplets. Soot particles mix with the liquid
droplets and collect on the walls of the exhaust system, which is called wet-stacking.
Eventually the material on the wall dehydrates, forming tiny loose projections that can

dislodge and reenter the exhaust gas stream. Nevertheless, it isunlikely that the
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agglomerated materials woul d be re-entrained as PM,, 5, rather more likely, it would be

re-entrained as larger particulate matter.

It is also speculated that the prior road history of the truck and wet-stacking can
influence the amount of PM that is emitted during an engine cold-start episode and/or
during extended idling periods. For example, if atruck has been driven on the road at
high speed, and after that, it isimmediately parked and the engine shut down, then
condensate would not have had time to accumulate in the exhaust system. Under this
scenario when the engine is started again, the ensuing PM emissions in the exhaust gas
only could have derived from the combustion inefficiency of the engine during the cold-
start period. However, if the truck was driven at lower speeds or if the truck wasidled
for aperiod of time before the engine was shutdown, and then if wet-stacking occurred, a

cold-start condition was created that has the potential for the re-entrainment of PM.

Another phenomenon that is related to particle deposition on the exhaust walls or
the sample lining system is thermophoresis, which is the movement of a particle derived
from forces arising from a temperature gradient. Air molecules at a higher temperature
impart more kinetic energy in collisions with a particle than those at alower temperature,
inducing the particle to move in the direction of the cooler surface. Thus, soot particles
can form alayer on the cool surfaces of the vehicle exhaust and sampling system and
subsequently become re-entrained under changing exhaust temperature conditions.*
Thermophoretic deposition losses can be minimized by avoiding temperature gradientsin

sample lines through heating or insulation.
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Figure 4.2 isa graph of the CO, NOx and PM, 5 emission rates for the 1995
International truck (ID#12) during a segment of the testing period to illustrate the
complex nature of the emission curves. The details shown in the curves illustrate the
high and low cyclic nature of emissions that occurred during extended idling for the AC-
On and AC-Off settings. The overall effect of running the air-condition system isto
increase emissions. The action of the air-conditioning compressor also creates cyclic
power demands on the engine. Operational and environmental factors inside and outside
the cab influence the cyclic nature of the air-conditioning system. The pattern of large
spikes appearing in these curves is primarily the result of cyclic power demands that are
made on the engine from the radiator coolant fan. It should be noted that the radiator fan
of a heavy-duty diesel engine does not normally operate continuously, like the radiator
fan on agasoline engine. The radiator fan clutch of a heavy-duty diesel engineis
dependent instead on the coolant temperature of the engine. It is electronically engaged
when the set-point temperature of the coolant is reached; it is disengaged when the
coolant temperature drops below the set-point temperature. Also, when the set-point
pressure of the air-conditioner compressor is exceeded, the radiator fan will engage to

lower the temperature and thus the pressure of the Freon in the air-conditioning system.

Graphs of the real-time emission behavior for each test truck are included in
Appendix E. Exhaust gas flow rate (FlowRate), temperature (Temp) of the exhaust gasin
the primary sampling chamber, percent of O, and percent of CO, in the exhaust gas are
also included in these graphs. In general, exhaust gas flow rate increased with an
increase in the engine idling speed and/or with the air-conditioner load applied to the
engine. The percent of O, in the exhaust gas indicates the relative proportion of excess
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air, which was occurring during combustion of the fuel. The percent of CO, in the

exhaust gasis proportional to the fuel-consumption rate.

4.2 DataAnalysis

Emission rates and parameters that characterize sampling and exhaust gas factors
during the cold-starting and extended idling conditions were determined for each truck
tested in the study from the responses shown in Appendix E. Average cold-start and
extended-idling emission factors were calculated for CO, NOx and PM, 5 emissions, for
the ratio of NO,/NOx emissions and for fuel consumption rates. The average emission
rate activities from all truck data are summarized in Table 4.1. The overall extended-
idling averages, which are the average values from AC-Off and AC-On for the low- and
high-rpm idling conditions (i.e., the average value of columns 6, 7, 8 and 9), arelisted in
column 10. The cold-start emission rates are listed in columns 2, 3, 4 and 5. Sample
calculations are shown in Appendix C. The specific emission rates and other parameters
for each truck are also tabulated in Appendix D. Additionally, the average valuesfor the
percent of O, and CO, in the exhaust gas, the combustion equivalence ratio, the sampling
dilution gas ratio, the ambient air and exhaust gas temperatures, and the molecular weight

of the exhaust gas are shown in Appendix D.

The cold-start emission rates that were determined for the 5-minute, 10- minute and
15-minute periods of the cold-starting episode, as shown in Table 4.1, were higher than
the overall extended-idling average emission rates. For example, the CS-5 emission rates
were higher than the overall extended idling average emission rates by factors of 2.8 for

CO, 1.5for NOx and 1.7 for PM, 5. Cold-start emission rates decreased as the cold-
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starting period lengthened. In general for the individual extended-idling conditions, the
emission rates were greater for the AC-On settings at low and at high idling, when
compared to the AC-Off settings, with the high-rpm idling emission rates being greater
than the low-rpm idling emission rates, except for PM,s. At high-rpm idling, the PM, 5
extended-idling emission rate was higher for the AC-Off condition in comparison to the
AC-On condition. Average NOx emissions at low-idling speeds were 120 g/h at AC-Off
and 159 g/hr at AC-On. At high-idling speed, average NOx emissions were 164 g/hr at
AC-Off and 223 g/hr at AC-On. The overall extended-idling average emission rate for

NOx was 167 g/hr.

The ratio of NO, to NOx emissions remained fairly constant throughout cold-start
and long-term duration idling conditions between values of 0.16 and 0.19. Thisindicated
that the effect of idling speed and the i n-cab accessory load (air-conditioner) settings had
little noticeable effect on the ratio of NO and NO, in the exhaust gas. Fuel consumption
rates were approximately 2.0 gal/hr during the first 15 minutes of the cold-starting period,
and then it ranged between 1.2 and 1.8 gal/hr for the idling conditions of engine speed
and modes of operation for the air-conditioner. The overall extended-idling average for
the diesel fuel rate was 1.5 gal/hr. This value was about 50% higher than the literature
review average. Remember however, that the fuel rate in this study was calculated using
the percent CO, as reported from the ECOM analyzer, which was also a calculated value

based on the measured percent O, (i.e., excess air) in the exhaust gas.

Raw data that were used to generate the summary in Table 4.1 were plotted for the

three pollutants and the diesel fuel rate as a function of the engineidling speed and the in-
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use status of the air-conditioning system. These plots are shownin Figures 4.3 to 4.6 for
CO, NOx, PM,5 and for the fuel consumption rate. Best-fit lines were drawn through the
data points for the AC-Off and AC-On modes to illustrate the effect on emissions
between the two air-conditioner settings and the also the engine rpm effect on emissions.
Inspections of these graphs reveal that the highest engine idling speed (i.e., 1000 rpm)
and the AC-On setting produced the higher emissions. On the other hand, wide

variability also existed in the data, especially at the 1000-rpm engine idling speeds.

Analysis of variance (ANOVA) was performed on the two factors (i.e., engine
idling rpm speeds and air-conditioner settings). For the effect of engine idling speed on
emissions and fuel consumption, the significance levels (or p-values) were the strongest:
CO (p < 0.0001), NOx (p < 0.0001), PM,5 (p = 0.008) and fuel rate (p < 0.0001).
Generally, p-values less than 0.05 are considered statistically significant, meaning that
thereisonly a 5% probability that an effect this large could occur due to chance alone.
For the effect of the air-conditioner at “off” and “on” modes of operation, only NOx was
significant (p = 0.02). No acceptable significant effects were found for CO (p = 0.15),
PM, s (p=0.77) and fuel rate (p = 0.25). Additionally, no significant interaction effects
were found between engine idling speeds and air-conditioner settings. Interaction effects
would have implied that the trend in emissions between air-conditioner factors (i.e., “off”
and “on” settings) were not in the same direction for engine idling speed factors (i.e., rpm
levels). Referring again to Figures 4.3 through 4.6, if the best-fit lines for AC-Off and
AC-On in any graph had crisscrossed, then an interaction effect would have occurred for
that element displayed in the graph. Fortunately there were no interactions between
factors because some interaction effects are difficult to explain.
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Emission rates were normalized by the fuel rate. Table 4.2 shows average mass
emissions per unit of diesel fuel consumption for the cold-start and extended-idling
conditions. In general, mass emissions per fuel consumed decreased during the cold-
starting period as the engine warmed, and mass emissions per fuel consumed increased
when the engine idling speed increased or when the air-conditioner wasturned on. Itis
believed that the overall higher fuel consumption rates observed during the cold-starting
period were caused because the engine has not reached its peak operating temperature.
Proper engine operation temperatures assure more efficient fuel combustion. Some
engine designs also allow for excess fuel to be injected into the engine during the cold-
starting period to increase the probability of combustion starting (and then being
sustained) during the engine warm-up period. This extrafuel isintended to help seal the

piston rings and valves for auto-ignition during starting.*

Graphs of the average emission factors for the three cold-start periods (i.e., CS-5,
CS-10 and CS-15) and the four extended-idling periods (i.e., Low-rpm/AC-Off, Low-
rpm/AC-On, High-rpm/AC-Off and High-rpm/AC-On) versus the average fuel
consumption rates are shown in Figure 4.7 for each pollutant. Best-fit lines that
constrained the intercept to zero were separately applied to the cold-start and extended
idling data to demonstrate the linearity of the data and differentiate the two groups (i.e.,
cold-starting and extended-idling). Equations that define the best-fit lines, R-square
values and the p-values for the slope coefficient are also included in the graphs. Units for
slope of the linear equation are grams emissions per gallon of diesel fuel consumed.
Based on the p-values, all slopes for were significantly different from zero at better than
the 0.05 significance level. As can be seen within individual plots, only the slopes for the
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cold-start and extended-idle conditions for CO versus fuel rate were fairly different. On
average for the cold-starting period, approximately 82 grams of CO were emitted per
gallon of diesal fuel consumed, and on average for the extended-idling period
approximately, 44 grams of CO were emitted per gallon of diesel fuel consumed. Thus,
about 1.9 times more CO was emitted per volume of fuel consumed during the cold-
starting period than was emitted during the extended-idling period. For NOx and PM, s,
mass emissions were essentially equivalent per unit volume of fuel consumed during both

cold-start and extended-idling truck sampling periods.

Figures 4.8 through 4.10 are graphs of emission rates as a function of the truck
model year and odometer reading for CO, NOx and PM, 5, respectively. Each figure
contains four plots: the top row of two plotsis for model years; the bottom row of plotsis
for odometer reading; the left column of two plotsisfor AC-Off setting; the right column
isfor AC-On setting. Linear equations that define the best-fit lines, R-square values and
the p-values for the slope coefficient are included in the graphs. Inspections of the p-
values show that only the slopes from the best-fit equations for truck model year and
odometer reading for the CO emission rates were statistically significant at less than 0.05
level. However, notice that the value of the slope parameter estimates for odometer
reading is approximately 0.0001 for both AC-Off and AC-On settings. Thus, these slope
values, even though statistically significant, can essentially be considered zero. For truck
model year, there was atendency for the older trucks to be higher CO emitters. For NOx
and PM 2.5 emissions there was no tendency for the high mileage trucks and/or the older

trucks to also be the high emitting trucks, as would typically be expected.
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A comparison between the extended-idling emission factors that were determined
in the field by the present study, the EPA suggested emission factors for SIP using TSE
and the average values that were calculated from areview of current literature
(McCormick, et.a., Brodrick, et.a.??, Lin? and Storey, et.al.?%) are shown in Table 4.3.
The experimental values shown in the first column of this table are the average values
from the low- and high-rpm idling conditions at both AC-Off and AC-On settings that
werelistedin Table 4.1 (i.e., average value of columns 6, 7, 8 and 9). In summary, the
NOx emission rates observed in this study and summarized in Table 4.3 were greater than
those reported for EPA-SIP purposes and from the literature review by 23.5% and 17.4%,
respectively. The PM, s emission rates observed in this study were less than those
reported for EPA-SIP purposes by 3.8% and were greater than those reported in the
literature by 6.3%, respectively. The average CO emission rates observed in this study
were less than those reported as the average literature review value by 14.1%. Emission

rates for CO are not published for EPA-SIP purposes.

There is little documented knowledge as to the extent that truckers increase engine
idling speed. A few manufacturers do not recommend that the engine idle below 600 rpm
for longer than 5-minutes because of decreased temperature and lack of sufficient
lubrication in the engine. Some drivers practice increasing the engine idling speed to
keep the batteries charged while using in-cab accessories, because they are in the habit of
doing it, or they believe that it keeps the engine in good-working order (i.e,, highidling is
something that prevents future maintenance). Generally, the factory settings for most
heavy-duty diesel engines are somewhere between 600 and 800 rpm. It was for that
reason; the same low-idling speed range was selected for the present study. The high-
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idling speed selected for this study was 1000 rpm. This choice was not entirely arbitrary
because 1000 rpm appeared in the literature for the high-idling limit. Some researchers,
however, actually used between 1100 and 1200 rpm for their high-idling tests. Currently
based on present knowledge, EPA does not provide guidance or characterized low or high

engine idling speeds for heavy-duty diesel truck.

To gain additional insight, the average extended-idling emission factors from Table
4.1 (i.e.,, Low-rpm/AC-Off, Low-rpm/AC-On, High-rpm/AC-Off and High-rpm/AC-0n)
were compared separately to the EPA-SIP values for NOx and PM,s. These comparisons
areshownin Table 4.4. Notice that the low-idle rpm comparisons at AC-Off and AC-On
conditions (i.e., Comparisons 1 and 2, respectively) were primarily less than the EPA-SIP
values for both NOx and PM, 5. The high-idle rpm comparisons (i.e., Comparisons 3 and
4) conversely were greater than the EPA-SIP values for both NOx and PM,s. Based on
these evaluations, it is believed more prudent to use the overall extended idling averages

for purposes of reporting emission factors.

4.3 Particulate Matter Gravimetric Analysis

Total PM isthe sum of PM, 5 and PM > 2.5 nm:; both were collected on filters
during real-time emission testing with the DataRAM analyzer. Theratio of PM, 5 to total
PM ranged between 0.40 and 0.98. It was determine that on average, about 72.9% of the
PM in diesel exhaust waslessthan 2.5 nmm. The standard deviati on was +14.5%, and
the percent RSD was 19.9%. The sample size (n) was 23. The gravimetric data for PM

areincluded in Appendix F.



Examples of PM that were collected on filters by the DataRAM for gravimetric
analysisare shown in Figures 4.11 and 4.12. The four photographs in the figures are
from different truck/testing episodes. Note that each figure contains two photographs for
comparison. Each photograph contains two filters from the same truck-testing episode.
The larger filter located on the left side of the photograph, was the one that was used to
collect an integrated sample of PM,s. The smaller filter was used in theinline jet-
impactor to collect PM greater than 2.5 mm. Notice that the appearances of the PM on
the filters with respect to color and tint (or shade) are not the same for the four sets of
filters. In Figure 4.11, the color of the PM on the 10A filtersis dark brown; the PM on
the 10B filter samplesislight-brown (or beige). In Figure 4.12, the PM is black on the
11A filter samples, and the PM is grayish on the 11B samples. It should be noted that
these four sets of filters were selected to be included in the report because they
represented the full range of appearances of color and shade that were observed of PM

throughout truck testing.

Only 17 trucks were tested for PM emissions. For six of the trucks, the PM
collected on the filters was either brown or beige in color; for the remaining 11 trucks,
the PM was either black or gray in appearance. It is possible that the difference between
the black and gray shaded PM (or between the brown and beige colored PM) simply
indicated that more mass was collected, thus, the black or brown appearance relative to
the gray or beige appearance. However, the cause for the more unambiguous difference
between brown and black PM is not known. 1t was unlikely that the age of trucks or the
mileage contributed to this PM color difference because for two highest mileage trucks

(both at > 800,000 miles), one had gray PM, and the other had light brown PM. Possibly,
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different combinations of unburned fuel to soot to lubricating oil caused the difference
between brown and black PM. Again, it isaso quite possible that “clean” oil (new)
versus “dirty” oil (old) makes a difference in the appearance of PM emitted, but since the

ages of the motor oil for the trucks were not known, this hypothesis cannot be verified.

To further investigate this matter, energy-dispersive spectrometry (EDS) was
performed on the filter samples shown in Figures 4.11 and 4.12 to quantify the PM
material. Plots of the generated spectraare included in Appendix G. In each plot, two
curves are shown: one curveisthe EDS for ablank (clean) filter, and the other curveis
the spectra of the PM sample. Preliminary results of this analysis have established that

sulfur was present in the PM, as demonstrated by the sulfur peak for the samples.

It is not believed that sulfur has any direct influence upon PM color. Nonetheless,
it should be mentioned that during truck testing, SO, was never detected in the exhaust
stream of any truck. Yet, the ECOM analyzer was configured to measure SO, in the
exhaust. Resolution for the monitor was 1-ppm SO,, and periodic calibration had
verified that the monitor was functioning properly. Currently, the sulfur levelsin on-road
diesel fuels are around 0.05% (i.e., 500-ppm) by weight. Research as been shown that
fuel sulfur content has a significant affect on the concentration and distribution of sulfur
speciesin diesel PM, and the distributions of various sulfur species are closely related
with engine load.”>*" Private conservation with the authors of this research have also
confirmed the color difference on the filter media from their experiments with diesel

engines. However, these researchers did not test different engines. Maybeitisaso
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possible that the engine design (or such things as the air-fuel ratio) can affect the

completeness of combustion, and thus, the color of PM.

4.4 Data Quality

All calibration datafor the ECOM and DataRAM analyzersareincluded in
Appendix F. Overal, the ECOM analyzer, which measured gaseous emission, operated
trouble-free throughout the study and demonstrated 100% data availability. The EPA
protocol calibration gases used to challenge the ECOM analyzer were CO = 100.1 ppm,
NO =493 ppm, NOx = 90.6 ppm and SO, = 99.5 ppm. Average response of the analyzer
to the calibration gases during truck testing were CO = 100.1 ppm, NO = 498.4 ppm,
NOx =90.4 ppm and SO, = 98.1 ppm. Thus, it is believed that the emission
measurements conducted with the portable ECOM gas analyzer, typically used for
emissions inspection and maintenance programs, were reasonably accurate. The response
for the instrument was very stable over the 5-month testing period. Since the gaseous
emissions were measured in the primary sampling chamber, which did not require
dilution with ambient air, the chance for experimental error was also reduced. In
addition, gaseous emissions (once formed during engine combustion) remained relatively
stable throughout testing because the temperature in the exhaust stream was not high
enough to appreciably cause additional free radical reactions involving species forming

CO and NOx.

The DataRAM analyzer, which measured PM emissions, had to be returned to the
manufacturer for repairs during the early stages of testing. However, after it was repaired
and returned, the monitor sustained normal operation and demonstrated 100% data
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availability for the remainder of trucks tested in the study. The advantage of using the
DataRAM was that of the light-scattering technology, making the response of the
analyzer amost instantaneous. The drawback of the light scattering technology is that
the response from the instrument is very dependent on PM characteristics, such as
composition, density, size distribution and index of refraction. If any of these
characteristics of PM change, so does the response of the analyzer. The DataRAM was
also an ambient monitor that had been adapted to measure diesel particulate from the high
temperature raw exhaust stream. This required a dilution-sampling chamber to mix
ambient air with exhaust gas to reduce the temperature of the sample to within the

DataRAM’s temperature limits.

The calibration factors obtained from the gravimetric field calibration of the
DataRAM response to diesel PM were not numerically equivalent across all trucks tested.
The range of calibration factors were 0.152 to average calibration factor was 2.539 +
1.804; %RSD = 71%. That the calibration factors were highly variable was not
anticipated. It isimpossible to precisely state the cause of this less than satisfactory
comparison between calibration factors. The most likely explanation, however is due to
the variability of the PM and the dependency of the monitor on particle characteristics.
This problem was overcome by calibrating the optical response of the instrument with the
gravimetric response of the particlesin the environment of interest (i.e., for each truck

tested).
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Figure 4.13 isaplot of the actual volumetric flow rate as recorded by the Kurz
flow meter and the calculated flow rate from data collected during truck testing. The

calculated flow rate (Qa) was approximated using the following equation:

h, =2 (4.1)

where, hy isthe volumetric efficiency (i.e., ameasure of the effectiveness of the air
induction and exhaust gas process); Qa isthe volumetric flow rate of air with ambient
density; Vsis the engine swept volume; N is (RPM/2) because two strokes occur per
power cycle for afour stroke diesel engine.'® Assuming volumetric efficiency is 100%
(i.e, hy = 1.0), Vsisthe engine displacement expressed in liters (L), RPM isthe engine
idling speed during the test and expressing Qa in cubic feet per minute (CFM), the

equation can be re-written as:

v, (0.03532 fte/ ) RPM
2

Qn = (4.2)

Flow rates for the air-conditioner On and Off modes of operation were plotted
separately in Figure 4.13. Best-fit equations that constrained the intercept to zero, R-
square and p-values are shown for both modes of operation. A diagonal 45-degreelineis
also shown in the figure to represent the 1-to-1 relationship between measured and
calculated exhaust flow rate. As show in the figure, the measured exhaust flow rate data
fell slightly below the calculated (or theoretical) flow rate. However, overal there was
very good correspondence between the measured and cal culated exhaust flow rates

during the test conditions.
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5 TRUCK STOP ELECTRIFICATION

5.1 Quantification of Commercial Parking

Several state departments of transportation in the nation are experiencing heavy
demand for commercial vehicle parking at public rest areas aong the interstate highway
system. However, these rest areas were only intended for short-term safety breaks.
Normally, it isthe commercial truck-travel centers, which sell diesel fuel to truck drivers
along the interstate highway system, that also provide facilities for drivers to use for
longer-term rest. To assist the state transportation agencies in making decisions, the
Transportation Research Board (TRB) conducted a survey to gather information on truck
parking capacity and demand at public and commercial rest areas. The primary data
source for the TRB report were responses to a detailed questionnaire distributed to
highway maintenance engineersin each state. During 2003, the TRB estimates of
commercia and public long-haul freight truck/trailer parking spaces for the contiguous

US were approximately 284,675 and 30,860, respectively.*?

5.2 Annual Idling Emission Estimatesfor Heavy-Duty Diesel Vehicles

Stakeholders for TSE typically use the entire truck fleet or a proportion of the
truck fleet to estimate the emission reduction benefits that can be realized from the use of
the technology. This practice was followed here just to place the relative magnitude of
emissions from extended-idling HDDV 8 into perspective. For evaluation purposes, the
emissions from idling emissions will be compared to atypical coal fired power plant.
The Bull Run coal fired plant, an 870 megawatt plant located in the Tennessee Valley

Authority (TVA) system near Oak Ridge Tennessee was chosen as atypical power plant.
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Truck counting experiments conducted locally at the Petro Truck Travel Center
located on Watt Road in Knoxville, Tennessee were used to establish the average daily
fraction of idling trucks at approximately 0.53.** Average daily idling fraction is defined
asthe fraction of available parking spaces occupied all day by idling trucks. Using only
half of the daily average fraction of idling trucks (i.e., 0.5 x 0.53 = 0.265) asa
conservative estimate, total spaces for the contiguous US and emission factors from the
present study, the annual emissions from HDDV 8 are approximately 135,000 tons/year
for NOx and 2,900 tons/year for PM,s. (Sample calculations are included in the
Appendix C2.1.) Annual emissions reported from the Bull Run Creek coal-fired plant
during 1999 were 13,343 tons/year for NOx and 2,072 tonglyear for PM,s* Itis
apparent that emissions generated annually from extended-idling in the contiguous US
are about 10 times the NOx emission from this 870 megawatt power plant. For these two
sources, the PM, 5 annual emissions were almost equivalent for the scenario selected for
demonstration purposes. It should also be pointed out that the recent addition of NOx
control technologies at this power plant and similar plants throughout the southeastern
U.S. have the potential to reduce the NOx emissions by 75-80%. Therefore, the
emissions from idling trucks will become an increasingly more important and significant

source on arelative basis in the future.

5.3 Quantification for Truck Stop Electrification

Large emission reduction benefits are associated with TSE technology. However,
reduction benefits from TSE will be dightly smaller when the cold-start emissions and

the emissions that are associated with the consumption of electricity used in the TSE have
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been subtracted from the initial emission benefits. To quantify the actual reduction in
emissions that are associated with TSE on a per truck basis, the following relationship

was used:

AERR, =EIER, - (CSER, + EUER,) (5.1)

where, for any pollutant, i,

AERR = Actua emission reduction rate (g/hr),
EIER = Extended-idling emission rate (g/hr),
CSER = Cold-starting emission rate (g/hr) and

EUER = Electricity-use emission rate, (g/hr).

The EIER term is the extended-idling emission factor for the pollutants (i.e., CO,
NOx or PM, ). These emission factors have been determined by experimentation and/or
listed by federal regulation (e.g., EPA-SIP). These emission factors are ordinarily used to

determine the emission reduction benefits that are associated with TSE technology.

The CSER term describes the cold-start emission rate assuming that it has been

spread over the entire period of idling, ta, and is defined by the following equation:

hr o (52)

where, for any pollutant, i,
CSEF = Cold-start emission factor (g/hr),

t, = Extended-idling rest period or TSE time (hr) and
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tg = Idling time during cold-start period, (min).

The CSEF term is the cold-start emission factor for the pollutants (i.e., CO, NOx
or PM, ;) that are emitted during the actual time of cold-start, tz. These emission factors
were determined in the current study. Cold-start emissions occur for only a short time
period (tz), between moments that the engine is started and until the driver places the
engine in gear causing truck movement or until the engine has warmed, whichever comes
first. For illustration purpose here, the cold-start idling time period (tg) is5 minutesin

duration, and the driver rest period (ta) is 8 hours.

Approximating the electricity-use emission rate, the following equation was used:

. @& 3412 Bt 0
EUER, = &cEs, »23090.6p x i VLI (5.3)
8 @ g watt 100;, e

where, for any pollutant, i,
ECES = Electric consumption emission standard (1b/106 Btu),
WP = Power utilization by HVAC (watt),
L = Load applied to the HVAC (percent) and

e = Power-plant thermal efficiency (expressed as a fraction).

The ECES term is expressed on amass of pollutant emitted per heat-input basis.
For NOx and PM, 5, the ECES values are the NSPS for the Fossil-fuel Electric Utility
Steam Generating Facilities (i.e., 0.6 Ib NOx/10° Btu and 0.03 Ib PM, 5/10° Btu).* One
should note that the NOx standard is based on the more prudent heat-input value from

anthracite or bituminous coa. Sincethereisno NSPS for CO, the emission factor for CO
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was taken from AP-42. Using the configuration from external combustion sources for
pulverized (bituminous) coal, dry bottom, tangentially fired-furnaces, the AP-42 emission
factor for COis 0.5 Ib/ton.*> Based on an assumed coal Btu value of 26x10° Btu/ton coal,

the ECES for CO is approximately 0.02 Ib CO/10° Btu.

The power demand (WP) of the HVAC unit depends on environmental factors,
such as solar load, ambient temperature and cloudiness, etc. When the HVAC unit is
initially engaged, the duty cycle will be continuous, until the inside cab temperature
attains the thermostat set-point temperature, then the HVAC system starts cycling and the
load isreduced. Thermal efficiency (e) isusually expressed as a percentage. It isdefined
as the energy sought divided by the energy cost, that is, e = Energyour / Energyn; thus,
Energy,n = Energyout / € Thetypical terminal efficiency for a coal-fired power plant is

approximately 35%.

The HVAC power consumption for asingle TSE unit during a 1-hr period was
estimated to be 2.2 kilowatt-hours or 2,200 watts. Thisfigure is somewhat high,
however, it was based on actual field tests that were conducted during a typical summer
day at the fully loaded condition (i.e., L = 100%) at the IdieAire Corp. Research and
Development TSE facility located at Interstate-40/Broadway (Knoxville, Tennessee). It
must be noted that IdleAire has been attempting to reduce the size of the HVAC systems

that are currently being used for TSE.

The emission rates for extended-idling, cold-start, electricity-use and the actual
reductions from TSE are shown in Table 5.1 for CO, NOx and PM, 5. Thetableliststhe

results for the 5-, 10- and 15-minute cold-starting periods. The actual emission



reductions that can be expected with TSE are shown in column 6 of the table. This
column was obtained by subtracting the cold-start emission rate (column 4) and the
electricity-use emission rate (column 5) from the extended-idling emission rate (column
2). (Sample calculations areincluded in Appendix C2.2, 2.3 and 2.4 for CO, NOx and

PM, s, respectively)

Comparisons of the emission rates in the table show that the actual or corrected
emission savings (AERR) are dightly less than if one used the extended-idling emission
rates (EIER) to estimate total TSE benefits. The corrected or actual emission reductions
for CO, NOx and PM, 5 using a cold-start period for 5-minutes are approximately 3.2%,

5% and 10% less than the extended-idling emission rate, respectively.

When the cold-start idling period is extended to 10- and 15-minutes, the percent
difference between EIER and AERR also increased because the CSEF term becomes
larger. Supposing the driver idles the engine for 15- minutes, remember that the cold-start
emission rate decreases progressively over time however these are still running emissions
that must be subtracted from the TSE emissions benefit. For example, the corrected or
actual emission reductions for CO, NOx and PM, s using a cold-start period for 15-
minutes are now approximately 7.3%, 7.7% and 11.9% less than the extended-idling
emission rate, respectively. The point being made here is that the TSE benefit
progressively decreases the longer the driver alows the engine to idle before leaving the

rest area to continue on the freight-hauling trip.
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6 CONCLUSIONS

This study measured cold-start and extended-idling emissions of CO, NOx and
PM, 5 from 24 heavy-duty diesel trucks (HDDV8B) in the field under ambient
environmental conditions. Gaseous pollutants were measured directly in the exhaust
stream. Ambient air was used to dilute the exhaust gas at the ratio of 3-parts ambient air
to 1-part exhaust gas, and PM was measured in the diluted gas mixture. Typica average
cold-start and extended-idling emission factors were devel oped for each pollutant.
Historic emission reduction estimates attributable to TSE have generally only included
those idling emi ssion savings that are associated with the driver shutting-off the engine
and in using TSE during required rest periods. Hence, the equivalent emissions that are
associated with the production of electricity for the TSE technology were also
determined. To provide for a more realistic comparison between extended-idling and
TSE, both the cold-start emissions and the increased emissions associated with the
consumption of electricity were subtracted from the usual emission savings associated

with TSE technology.

6.1 Impact of Cold-Start

The cold-start emission factors were higher than the extended-idling emission
factorsfor all three pollutants. Immediately after ignition during the cold-start period,
emissions increased to maximum emission rate. Then over time, emissions progressively
decreased as the engine temperature increased and the combustion process stabilized
within the engine. Eventually, emissions reached steady-state, defined here as the period

where the emission rate ceases to change over time. The time period for steady-state to
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be achieved varied among trucks and pollutants. Usually, the range of the steady-state
time period was between 1 and 3 hours, and it varied slightly with pollutants. On
occasion, the CO emissions reached steady-state before NOx emissions reached steady-

state. For some of the test trucks, the PM emissions did not entirely reach steady-state.

A cold-start PM emission spike also did not occur immediately after ignition for
some test trucks. At present, there is no obvious explanation for the cause of the
variations in the spike pattern between the gaseous and PM emission curves. However, it
was speculated that the prior road history of the truck and wet-stacking interacted to
influence the amount of PM that was emitted during an engine cold-start episode. When
the engine is operated at low idling speed the exhaust temperature is cooler, which is
favorable for the condensation of liquid droplets. Incompletely burned fuel in the form of
PM mixes with droplets and accumulates in the exhaust system by a phenomenon called
wet-stacking. Eventually the material on the wall dehydrates, forming tiny loose
projections that can dislodge and reenter the exhaust gas stream. Material may also

reenter as liquid droplets.

The cold-start CO emission rate for the three averaging periods selected in this
study (i.e., 5-, 10- and 15-minutes) was approximately 2.5 times higher than the average
extended-idling emission rate for CO. High CO emissions are likely the key indicator for
incomplete combustion during the cold-start episode. The cold-start emission rates for
NOx and PM, s were approximately 1.4 times higher than the average extended-idling
emission rates. The cold-start fuel rate was approximately 1.3 times higher than the

average extended-idling fuel rate. When comparisons were made between the cold-start
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and extended-idling periods, using mass emissions per volume of fuel consumed, it was
found that more emissions are produced per unit of fuel used during the cold-start period.
It was also established that the magnitude of this effect was greatest for CO; the effect

was similar in magnitude for NOx and PM .

6.2 Extended-1dling Emission Measurements

Overdl, the extended-idling emission factors of the present study compared
favorably to both the values suggested by EPA for use in State Implementation Plans
(SIP) and the average values reported in the literature. The NOx extended-idling
emission factor was higher for both the EPA suggested value and the average value
reported in the literature. The PM, s emission factor was smaller than the EPA suggested
value, but it was greater than the literature review average. Anaysisaso indicated a
strong dependence of emissions on engine idling speed. A somewhat moderate
dependence of emissions on the use of the in-cab air-conditioner was also demonstrated,
but it was statistically significant only for NOx emissions. The largest variability of
emissions measurements among trucks occurred at the highest engine idling speed. No
effect was discerned between the relative magnitude of emissions and model year or
odometer reading of the trucks tested in this study for NOx and PM, s emissions.
However, a small deterioration effect was shown to exist for CO emissions based on the

model year of the truck.

The ratio of NO, to NOx emissions did not vary appreciable throughout cold-start
and extended-idling testing conditions. The average ratio was approximately 0.18. This
indicated that the effect of idling speed and in-cab accessory load had little effect on the
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ratio of NO and NO, in the exhaust gas. The average diesel fuel consumption rate was
1.5 gal/hr for extended-idling (i.e., the overall average between 600-800 and 1000 rpm)
and 2.0 gal/hr for the first 5-minutes of the cold-starting period. The extended-idling fuel
rate was about 50% higher than the usually reported literature review value for the

extended-idling fuel rate, whichis 1.0 gal/hr.

On average about 73% of the PM in the diesel exhaust was lessthan 2.5 mm. Of
the 17 trucks that were tested for particulate emissions, the PM collected on filter media
for gravimetric analysis was dark brown or beige in color for 35% of the trucks. The PM
was black or gray in appearance for the remaining 65% of the trucks. The cause of this
difference is unknown, but it is speculated that different combinations of unburned fuel to
soot to lubricating oil caused the difference. It isunlikely that the mileage or age of the
truck intrinsically contributed to differencesin PM color because two trucks with the
highest mileage exhibited different PM color variation. The concentration of SO, was
also measured in the exhaust stream, as a cursory measurement. However, SO, was not
detected in the exhaust gas from any truck throughout testing. Nevertheless, preliminary

analysis of the PM on the gravimetric filters showed that the PM contained sulfur.

6.3 Truck Stop Electrification 1dling Emissions Reduction Benefit

Real or actual emission reductions that can be expected with the TSE technology
are needed to support future administrative decisions from standpoints of environmental
planning, human health and economic cost. To aid in this end, cold-start emissions and
emissions that are associated with the production of electricity, which is necessary to

provide TSE in lieu of engine idling, were used to correct or adjust the extended-idling
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emission factors. In generd, it was found that the cold-start emissions and the emissions
from electricity were moderately small in comparison with the extended-idling emissions.
However if after using TSE, the driver lengthens the idling time between starting the
engine and moving the vehicle, then the cold-start emissions are going to be larger and
the overal benefit from TSE would be further diminished in magnitude. In general, after
the extended-idling emission factors were adjusted to account for the cold-start emissions
and the electricity-use emissions, the benefit in applying the TSE technology was only
reduced by between 5 and 10% for an 8-hr averaging period, compared to not including

these factorsin the analysis.
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7 RECOMMENDATIONS

7.1 Blow-by Emissions

In al combustion engines, there are several small volumes, usually called
crevices, where gas flows during engine operation and as the engine cylinder pressure
changes. Volumes between the piston, piston rings and cylinder walls are examples of
large crevices. When exhaust gas flow out of these regionsinto the crankcase, it is called
blow-by.* For the passenger vehicles powered by a gasoline engine, combustion gases
that leak into the crankcase are metered through a positive crankcase ventilation (PCV)
valve into the intake manifold of the engine where they are burned in the combustion

chamber.1°

All diesel engines tested in this study vented the crankcase blow-by directly to the
atmosphere. The open ventilation system for a heavy-duty diesel truck isshownin
Figure 7.1. As can be seen in the photograph, blow-by gases are vented toward the
ground under the engine compartment. It is possible that crankcase gases can collect
beneath the truck and migrate into the cab. Emissions from blow-by were a source of
idling emissions not measured in this study. Crankcase emissions from diesel engines
have traditionally been discharged to the atmosphere because there is technol ogical
difficulty in re-introducing the emissionsinto the intake of turbocharged engines.® This
is an area which needs further study. Relativeto TSE, and this study, these emissions
provide an even greater reduction as aresult of TSE, since the blow-by emissions are also

eliminated when the truck is shut off.
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7.2  Ambient Conditionsfor Cold-Starting

The effect of ambient temperature is probably the most important factor affecting
the starting of adiesel engine. Required starting torque increases with any given
compression ratio. Thisrequired increase is needed to overcome the increased viscosity
of the oil at low temperatures. The differential expansion and contraction of the different
engine parts may also be adding to the friction. The temperature of the cylinder wall and

pistons is also lower than during other modes of engine operation.*

In the winter months, the cold-start emissions may be higher because the engine
idles higher during the warm-up period in winter. Higher idling speeds have been
demonstrated to increase emissions. The higher winter idle of the vehicleisa
manufactured design because higher idling is used to overcome internal friction while the
engine warms-up and until the oil reaches normal operating temperature. Further
research needs to be done in this area to determine the magnitude of the cold-start
emissions that might occur during winter months. TSE would still be required in the
winter for heating the sleeper compartment of the truck. Obviously, ablock heater could
be used to keep the engine warm during the driver rest (non-idling) period to offset any
increased emissions that might be associated with cold-starting the engine under

extremely cold ambient conditions.

7.3 Diesd Fud Sulfur Analysis

Fuel sulfur content may also have a significant affect on the concentration and

distribution of sulfur speciesin diesel PM. Thediesdl fuel used in the trucks for this
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study should have been analyzed for sulfur content. The effect of engine idling speed,
accessory load and sulfur content also needs to be further investigated. On the other
hand, current levels of sulfur in diesel fuel are decreasing due to regulation. Therefore,
characterization of PM emissions in the future will dramatically change. Another area,
which needs further study, is adetailed analysis of the color differencein diesel PM to

determine the basis for the observed differences.

7.4  Shakedown, Instrument Calibration and Repeated M easurements

Only one day of testing was allowed per truck partially because of the availability
of funding and other prior commitments made with certain merchants that had kindly
loaned their trucks to the project. Given this time frame, a smooth, by-the-book test, was
difficult to achieve. For example, one recurring nuisance factor on the newer trucks was
the idle-defeat routine in the on-board cruise control that would shutdown the engine

after a certain period of idling had transpired.

Thus, the following items would have improved the quality and quantity of the

data that were collected had there been more time for the project:

A shakedown period would have been advantageous to fully understand the
various idiosyncrasies of each truck since many different makes and models of
trucks were tested.

At least three, repeated measurements of each truck testing episode would have

been desirable to determine the inherent variability in the measurement system.
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Daily pre- and post-calibration tests of the analytical equipment and audits of the
volumetric flow rates would have been valuable to evaluate the quality of the

emissions data and to remove any bias.

7.5 Madification to the Sampling Chamber

It is believed that the sampling dynamics of the dilution system may also affect

the size, mass and composition of diesel PM. It would be beneficial to develop a
sampling and/or dilution system that simulates the actual atmospheric dilution process of
diesel exhaust asit leaves the exhaust pipe. In any dilution process there are also errors
in measurements of flowsinto and out of the dilution system. An alternate approach
would be to pull a sample directly from the exhaust stream using a PM analyzer that can
withstand the high exhaust temperatures. Also for comparison, another PM analyzer
could sample from somewhere within the emission plume as it |eaves the exhaust pipe of

the truck.
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Table2.1: Summary of Long-Term Idling Emission Data

Resear chers Description T Em'ﬁggs (/) o T | Fuel (ea/hn)
Average 7.45 72.8 na 89.9 1.42 na
McCormick, et.al %RD 335 402 na 17.2 27.2 na
n=10 Minimum 3.60 43.6 na 62.7 1.02 na
Maximum 12.5 128 na 115 2.16 na
Average 23.1 63.9 6,533 170.6 na 0.62
Brodrick, et.al.” %RD 1824 1184 43.1 40.2 na 44.0
n=5 Minimum 1.4 14.6 4,034 103.0 na 0.36
Maximum 86.4 187.7 9,743 254.0 na 0.93
Average na na 8,199 141 na 0.82
Lim® % RSD na na 42.1 52.2 na 422
n=237 Minimum na na 3,915 19.8 na 0.39
Maximum na na 16,577 329 na 1.65
Average 44.0 77.6 9,476 154 3.92 0.95
Storey, et.a 2% % RD 50.3 80.0 374 48.1 120 37.2
n=32 Minimum 9.8 17.1 4,356 51.5 0.83 0.44
Maximum 89.4 295.0 17,693 353 20.6 1.77
Average 34.2 75.1 8,639 142 3.33 0.86
Overall Summary % RD 77.1 76.2 40.7 50.4 127 40.9
n=84 Minimum 1.40 14.6 3,915 19.8 0.83 0.36
Maximum 89.4 295 17,693 353 20.6 1.77

Note: Relative Standadard Deviation (RSD) units are percent.

Table2.2: Idling Emission Rates for Engine Accessory Load and RPM Conditions

Air-Condition Heat No L oad
Description High-rom | Low-rpm | High-rpm | Low-rpm | High-rpm | Low-rpm

(A-H) (A-L) (H-H) (H-L) (N-H) (N-L)

Average 59.5 25.7 66.6 32.5 55.3 13.1

% RD 45.1 72.8 29.5 41.6 28.7 87.9

HC (g/hr) Minimum 20.9 1.4 41.9 20.0 27.0 1.8

Maximum 86.4 50.3 89.4 50.3 74.3 42.8

Average 101 30.3 169 98.1 65.9 50.3

o (ghr) % RSD 43.8 64.1 49.6 574 25.4 67.1

Minimum 53.3 15.3 102.0 52.8 44.4 14.6

Maximum 188 68.9 295 194 87.2 128

Average 13,131 5,990 11,331 6,462 10,600 5,377

Co, (ghr) % RD 21.4 22.7 8.1 9.1 13.3 36.5
2 Minimum 8,078 4,256 10,232 5,688 8,457 3,915
Maximum 17,693 8.454 13,206 7,163 13,230 11,838

Average 214 113 193 101 169 103

% RSD 389 44.4 42.7 34.7 36.1 30.5

NOX (@) i njrmum 69.3 198 64.0 54.8 55.8 62.7

Maximum 353 176 329 137 241 164

Average 6.67 1.34 5.77 2.68 5.87 1.39

PM (g/hr) % RS:) 118.3 44.9 32.5 46.7 121.7 32.0
Minimum 144 0.83 3.35 1.43 2.20 0.83

Maximum 20.6 2.26 8.21 4.59 20.4 2.31

Average 1.30 0.60 1.16 0.66 1.06 0.53

% RD 22.6 22.3 7.7 8.1 13.5 37.7

Fuel (gal/hn) =G m 0.80 042 102 0.58 0.86 0.36

Maximum 1.77 0.85 1.33 0.72 1.33 1.18

Note: Relative Standard Deviation (RSD) units are percent.
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Table2.3: Summary of Short-Term Idling Emission Data

Resear cher Description Emissions (g/hr)
HC | co co, | wNox | pwm
Average 11.1 26.0 7,531 96.2 na
Tang, et.a ® % RSD 86.1 57.1 50.4 50.8 na
n=28 Minimum 3.0 12.6 4,844 35.4 na
Maximum 312 60.0 16,487 187 na
Note: Relative Standard Deviation (RSD) units are percent.
Table2.4: Summary of Short-Term Idling NOx Emissions
i AC Mode (g/hr
Resear cher EcnglgiTGﬂ Range ohn)
onditions Off on
Minimum 55 60
High Idle (1,000 rpm) -
Lambert, et,al 26 Maximum 275 375
n=40 Minimum 55 NA
Curb Idle (< 1,000 rpm)
Maximum 165 NA
Table 2.5: Idling Emissions and Fuel Consumption Rates (Detail)
Engine Test Conditions Emission (g/hr) Fuel
(n=1 HC co NOx co, (gal/hr)
1- Idle at 600 rpm after 10-min 55 mph cruise 18 14.6 103 4,034 0.36
2 - |dle at 600 rpm after 10-min transient cycle 29 15.9 105 4,472 0.39
3 - Idle at 600 rpm with AC after 10-min transient cycle 14 15.3 166 4,976 0.52
4 - Idle at 1,050 rpm with AC after 10-min transient cycle NA 86.0 254 9,441 0.88
5- Idleat 1,050 rpm with AC for 5-hrs 86.4 189.7 225 9,743 0.93
6 - Cruise (or driving) at 55 mph 5.6 65.1 713 60,592 5.92
7 - Cruise (or driving) at 55 mph with AC 39 57.4 Yaas 60,320 6.88
Source: Brodrick, et.al”>?’
Table2.6: HDDV Ildling Emission Factorsfrom MOBILE6
Description Idling Emission Factors Units
P THC Cco CO, NOXx PM ;o PM, =
HDDV 2.53 18.86 1,445 26.17 0.55 0.51 g/mile
6.3 47.1 3,613 65.4 14 13 g/hr
2.32 12.34 1,348 20.38 0.46 0.43 g/mile
HDDV7
5.8 30.8 3,369 50.9 1.2 11 g/hr
HDDVSA 2.57 19.93 1,575 29.90 0.60 0.55 g/mile
6.4 49.8 3,938 74.8 15 14 g/hr
HDDVSB 3.25 26.67 1,674 34.70 0.66 0.61 g/mile
8.1 66.7 4,185 86.8 1.6 15 g/hr
3.10 25.19 1,652 33.65 0.65 0.60 g/mile
HDDV8
7.8 63.0 4,131 84.1 1.6 15 g/hr

Note: g/hr = g/mile x 2.5 mph




Table2.7. EPA Suggested PM Extended-1dling Emission Factorsfor SIP

Calendar EF Calendar EF
Year (g/hr) Year (g/hr)
2006 3.68 2019 0.54
2007 343 2020 0.50
2008 2.94 2021 0.47
2009 252 2022 0.44
2010 2.16 2023 0.41
2011 1.88 2024 0.39
2012 1.60 2025 0.38
2013 1.38 2026 0.36
2014 1.10 2027 0.35
2015 0.89 2028 0.34
2016 0.79 2029 0.33
2017 0.71 2030 0.33
2018 0.58

Source: USEPA2

Table3.1: General Description of Test Trucks

ID Truck VIN Year Engine_ ;
Model | HP | Disp (L) | odom (mi)
1 Freightliner | 2HSCEAPR25C003739 | 1996 | CumminsN14 | 460 14 512,926
2 Freightliner | 1FUYDSEB6XLB00220 | 1998 Detroit S60 430 | 127 591,476
3 Volvo 4AVANCIGHX5N381710 | 2004 |  Volvo Vectro 465 12.1 287
4 Volvo 4AVANCIGH65N381722 | 2004 | Volvo Vectro 465 12.1 83
5 Mack 1IM1AA18Y6XW112584 | 1999 Mack ASET 460 | 119 416,764
6 Kenworth 1XKADBOX45)087931 | 2004 | Caterpillar ACERT | 475 15.2 72
7 International | 2HSFHAER5XC086741 | 1998 | cumminsN14 | 500 14 655,380
8 Kenworth | 1XKWDB9X053081372 | 2004 | Caterpillar ACERT| 475 15.2 738
9 Volvo AVANCOJHINZ59226 | 2000 | CumminsN14 | 435 14 553,465
10 Freightliner | 1FUPDCYB2XL904380 | 1998 | CumminsN14 | 425 11 341,146
1 Freightliner | 1FUJA3CG11LG36966 | 2000 Detroit S60 430 | 127 420,621
12 International | 2HSFBAHR1SC056187 | 1995 [ Cumminsm11 | 450 11 814,185
13 International 2HSCEAPR25C003739 | 2004 CumminsN14 475 15 58
14 Freightliner | 1FUYDZYBINP476082 | 1992 Detroit S60 450 | 127 279,922
15 Freightliner | 1FUYJABCKO4LN3773 | 2004 Detroit S60 455 14 82,929
16 Freightliner | 1FUYSSZB6YLG08382 | 1999 Detroit S60 500 [ 127 568,539
17 Freightliner | 1FUJAGCK44LM15160 | 2003 Detroit S60 435 14 147,334
18 Freightliner* |1FUYDZYB8WL903823 | 1997 Detroit S60 400 | 127 647,979
19 Mack* IM1AEOBY54N019364 | 2003 Mack ASET 430 | 1109 78,960
20 Freightliner  |1IFUYDSEBIWL896080 | 1997 Detroit S60 430 | 127 834,028
21 Freightliner |1FUJAGCK54LM 13479 2003 Detroit S60 455 14 154,156
22 Freightliner  |1FUYSSEB7YLG51490 | 1999 Detroit S60 430 | 127 482,983
23 Mack* 1IM1AEO6Y 54N019512 2003 Mack ASET 430 | 1109 58,047
24 Mack 1IM1AEO6Y41W008703 | 2000 Mack ASET 355 11.6 484,108

1D = Identification number; VIN = Vehicle identification number (manufacturer); HP = Rated engine horsepower; Disp = Engine Displacement;
L = Liters; Odom = Odometer; mi = miles; * Truck body has day cab only.
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Table 3.2: Operating and Reporting Conditions for Emissions Analyzers

PEMS Parameters Units Sensor
02 % Electrochemical
CO, NO, NOz2 & SO, ppm Electrochemical
Ambient Temperature E Positive Tempera_ture Coefficient
(Thermistor)
Duct Temperature F Thermocouple
Duct Pressure inH,0 Piezoresistive Electronic
. Proprietary flow/pressure control
ECOM Sampling Flow Rate Lpm (fixed &t 2.5 Lpm)
NOx ppm
CO;, %
Combustion Efficiency % Calculated Values
Excess Air (lambda) %
Losses %
PM mg/m® Photometric
Duct Temperature F Thermocouple
DataRAM
Relative Humidity % Capacitive
) Proprietary flow
Sampling Flow Rate Lpm (variable range 1 - 3 Lpm)
Volumetric Flow SCFM Therma Anemometer
Kurz
Duct Temperature F Thermocouple
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Table4.1: Average Cold-Start and Extended-1dling Emission Factors

Cold-start (at Low-Idling) Low-Idling High-1dling (Overall)
Description CSSS | CS5 | CSs-10 I CS-15 (600-800 rpm) (2000 rpm) Extended
AC-On acoff | Acon | acoff | acon |'dNoAverage

CO (g/hr) 78.6 180 163 145 36.9 47.6 74.6 98.9 64.5
Fuel rate (gal/hr) 16 20 2.0 19 12 14 16 1.8 15
NOXx (g/hr) 187 248 237 225 120 159 164 223 167
Ratio: NO,/NOx 0.17 0.17 0.17 0.17 0.17 0.16 0.19 0.18 0.18
PM 5 (g/hr) 2.83 5.99 5.00 4.14 2.55 3.13 4.37 4.11 3.54

Notes: CSSS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, CS-10 and CS-15 = Engine
cold-start during the first 5, 10 and 15 minutes, respectively; AC = Air-conditioner at Off and On settings.

Table4.2: Average Mass Emissions per Unit Fuel Consumption Rate

Cold-start (at Low-Idling) Low-Idling High-1dling
Description csss [ css | cswo | csis (600-800 r pm) (1000 rpm)
AC-On AC-Off AC-On | AC-Off | AC-On
Cco 48.6 89.3 814 74.8 30.7 33.9 475 54.0
NOx 116 123 118 116 100 113 105 122
PM, 175 2.97 250 2.14 212 2.23 2.78 225

Notes: Units= (gal/hr); CS-SS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, CS-10 and
CS-15 = Engine cold-start during the first 5, 10 and 15 minutes, respectively; AC = Air-conditioner at Off and On settings.

Table4.3: Comparison of Overall Extended-1dling Emission Factors

. (Overall) Extended EPA thergture Per cent Difference| Percent Difference
Description Idiing Average | Recommended | Review (Exp-EPA) | (Exp-LitRev)
g ag (SIP) Average P P
CO (g/hr) 64.5 NA 75.1 NA -14.1%
Fuel rate (gal/hr) 15 NA 1.0 NA 50.2%
NOXx (g/hr) 167 135 142 23.5% 17.4%
PM,s (g/hr) 354 3.68 3.33 -3.8% 6.3%

Notes: Exp = experimental values (determined from this study) and LitRev = literature review values.
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Table4.4: Within Comparison of Extended-1dling Emission Factors

Comparison 1 Comparison 2 Comparison 3 Comparison 4
EPA
Description | Recommended| Low-ldle Per cent Low-ldle Per cent High-ldle Per cent High-ldle Per cent
(SIP) 600-800 rpm| Difference |600-800 rpm| Difference | 1000rpm | Difference [ 1000rpm | Difference
AC-Off |(Exp-EPA)] Ac-On [(Exp-EPA)| Ac-oOff [(Exp-EPA)| AC-On |[(Exp-EPA)
NOX (g/hr) 135 120 -10.9% 159 17.8% 164 21.7% 223 65.4%
PM,, 5 (g/hr) 3.68 2.55 -30.7% 313 -14.9% 4.37 18.6% 411 11.8%
Note: Exp = experimental values (determined from this study).
Table5.1: Actual Emission Reductions Using TSE Technology
Actual
csn Pollutant Extended- Cold-Start Electric-Use Emission Per cent
Idling (EIER) (CSER) (EUER) Reduction Difference
(AERR)
CcO 64.5 1.88 0.19 62.4 3.2%
n=>5 NOx 167 2.58 5.84 158 5.0%
PM 55 354 0.062 0.29 3.19 10.0%
CcO 64.5 3.39 0.19 60.9 5.5%
n=10 NOx 167 4.93 5.84 156 6.5%
PM 5 354 0.104 0.29 3.14 11.2%
CcO 64.5 4.52 0.19 50.8 7.3%
n=15 NOx 167 7.04 5.84 154 7.7%
PM 5 354 0.129 0.29 3.12 11.9%

Note: Units = (g/hr) except where the percent symbols are shown.
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Appendix B

Figures Mentioned in Body of Report
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Figure 1.1. Influence of the equivalenceratio (f ) on light-duty diesel engine
performance and emissions.
Note: part (a) isfor performance, and part (b) isfor emissions. Source: Flagan, et.a.**



Figure 1.3. IdleAirein-cab HVAC module and computer terminal.
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Figure2.1. Engineload and RPM conditions for emissions and fuel consumption

ratesfor long-duration HDDV8 idling.
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Figure 2.4. Schematic representation of aggregate diesel PM. Source: Walker™
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Figure 2.5. Characteristics of test trucks.
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Figure 3.4. Sideview of primary sampling chamber.
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Figure 3.5. Sideview of secondary (or dilution) sampling chamber.
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Figure4.8. CO emission ratesfor truck model year and odometer reading at AC-Off and AC-On settings.
Note: Top pair of graphs compares truck model year and bottom pair of graphs compares odometer reading.
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Figure4.9. NOx emission ratesfor truck model year and odometer reading at AC-Off and AC-On settings.
Note: Top pair of graphs compares truck model year and bottom pair of graphs compares odometer reading.
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Figure4.10. PM,5 emission ratesfor truck model year and odometer reading at AC-Off and AC-On settings.

Note: Top pair of graphs compares truck model year and bottom pair of graphs compares odometer reading.
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1997 Freightliner (834,028 miles) 2003 Freightliner (154,156 miles)

Figure4.11. Brown and beige PM collected on filter media during emission testing.
Notes: Diameter of large filter and small filter are 37 mm and 25 mm, respectively; each frame represents a different test truck.
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1999 Freightliner (482,983 miles) 2003 Mack (58,047 miles)

Figure4.12. Black and gray PM collected on filter media during emission testing.
Notes. Diameter of largefilter and small filter are 37 mm and 25 mm, respectively; each frame represents a different test truck.
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Figure 4.13. Measured versus calculated diesel exhaust flow rate.

Figure 7.1. Diesel-engine blow-by ventilation.
Note: Vertical blow-by tubeislocated to the left of large bolt-shaped object centered in photograph.

108



Appendix C

Sample Calculations
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C1: Emission and Fuel Consumption Rates

C1.1: Carbon Dioxide Emission Rate

The CO concentration, as measured by the ECON analyzer, was 89.3 parts-per-
million (ppm). The diesel-exhaust volumetric flow rate, as measured by the Kurz meter,
was 272 standard cubic feet per minute (scfm). Both measuring locations were inside the
primary sampling chamber.

For this example, the emission rate for CO was approximately 48 g/hr.

7 S 3 i
~89.3 §: 28g/mole u L 272t 60min N 48g

CO oo e = ;
EmissonRate  10°  @24.1L/molel 0.0353ft*  min hr hr

Note: 28 g/mole isthe gram molecular weight of CO; 24.1 L/mole is the volume of gas
at standard conditions [i.e., temperature 68 F (20 C) and 1-atmosphere], which are the
temperature and pressure conditions for reporting flow by the Kurz meter; [(L/0.0353 ft°)
and (60 min/hr)] are conversion factors.
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C1.2: Nitrogen Oxide Emission Rate

The NO and NO, concentrations, as measured by the ECON analyzer, were 276
ppm and 24 ppm, respectively. The diesel-exhaust volumetric flow rate, as measured by
the Kurz meter, was 272 scfm. Both measuring locations were inside the primary

sampling chamber.
For this example, the emission rate for NOx, reported, as NO,, was approximately
265 g/hr;

7 N 3 .
_ (276+24) & 46 g/mole u, L y272ft VGO min » 265g

Emission Rale ™ 105 "824.1L/molell 0.0353ft>  min hr hr

NOx

Note: 46 g/mole isthe gram molecular weight of NO,; 24.1 L/mole is the volume of gas
at the standard conditions[i.e., temperature 68 F (20 C) and 1-atmosphere], which are the
temperature and pressure conditions for reporting flow by the Kurz meter; [(L/0.0353 ft°)

and (60 min/hr)] are conversion factors.
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C1.3: Particulate Matter Emission Rate

The PM could not be measured directly in the primary sampling chamber because
the exhaust gas temperature was above the recommended operating temperature for the
PM analyzer. Thus, ambient air was mixed with exhaust gas in the dilution chamber to
reduce the temperature of the exhaust gas. This dilution system required additional flow
components to provide information about the mi xing ratio and to coordinate the functions
of the system. The flow ratesin the dilution chamber were measured by rotameters.
They were factory calibrated to operate at specific conditions, which required correction
for the calibration to be valid. Equation 1 was used to convert the observed readings
(OBS) on the rotameter to standard conditions (STD) of temperature and pressure.
Standard conditions for air are 1-atmoshpere of pressure and 68 F (20 C) of temperature.
Equation 2 was used to convert the standard conditions to the actual conditions (ACT) of
temperature and pressure. It is assumed that pressure was identical at all conditions.

Thus, both equations reduce to a function of the temperatures.

P ,
Qsro = Qoss POBS » Qogs Tsro (1)
so X oss Togs

STD O ACT

O
Qs = Qoss Pops XTsto Xg :U»QOBS‘/ Tsro B acr (2
Psro XTos Pacr ﬂ%TSTD A Togs )gTSTD [}

where, Q isflow ratein units of volume per time, and P and T are absol ute pressure and

temperature, respectively.

The DataRAM analyzer measured PM, 5 concentration inside the dilution
chamber. Flow rate control for the analyzer was automatic; constant flow was
maintained by sensing differential pressure across an orifice and using the pressure drop
signal to control avariable pump motor. The function relationship between the orifice

pressure drop (DP) and volumetric flow rate (Q) is given by the equation: DP = kr Q?;
112



where k is a system constant related to the characteristics of the orifice; r isthe air
density during the factory calibration for conditions of temperature and pressure, which
existed at the time of calibration. Here, these conditions are assumed to be at the average
room conditions for ambient air [i.e., temperature 70 F (21.1 C) and pressure 1-
atmosphere]. Similar to the equations for the rotameters, flow rate at the inlet to the PM
analyzer must also be converted to actual conditions of temperature and pressure, which
will be demonstrated in subsequent examples.

"
The functional relationship between orifice pressure and flow rate: TP =?Q°

2 _ 2
Thus, ?,rQpr =7,Q;

?
— “AIR

and Qs =Qor Py
ta

where,

r air = air density (g/nT) at factory calibration of temperature and pressure conditions,
r , = density of sample diluted exhaust gas (g/nT)

Qpr = user specified (fixed) sampling flow rate (2 L/min), and
Q4 = actual sampling flow rate (L/min).

The unknownvalues are Q,, Q4 r sand r 4. In the mixing region of the dilution
chamber, it isassumed that r 3 =1 4. Hence, there are 3-unknowns quantities and 3-
equations. The following approach only relied on the mass balance equation. It was
assumed that the molecular weights of air, diesel exhaust gas, and the mixture of ambient
air and diesel exhaust gas were all equivalent. The basis for this assumption was
discussed in the body of the report. The numerical subscripts refer to the flow locations

on the dilution-sampler; also see Figure 3-1.

Massbaance: M, +M, =M, +M,
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where, M, = mass flow rate (g/hr) and M, =2,Q,
where, r;= density (g/n7) and Q; = volumetric flow rate (m*/hr)

Thus, ?,Q, +7?,Q, =7,Q,+7,Q, 3

From the Ideal Gas Law: ’Lm _M

V RT

where, r = density (kg/nT),
m = mass (kg),
V = volume (n7),
P = absolute pressure (atm),
MW = molecular weight (g/gmoal),
R = universal gas constant (0.08206 atm-L/gmol-K) and
T = absolute temperature (K).

Theideal gas equation was substitution into Equation 3, yielding:

F>|\/|W1Q PMWZQ PMW3Q PMW4Q
1 2 3 4

(4)
AssumptionS: MW, = MW, = MW; = MW, = MW, r and Pi=P,=P3=P,=Pyr

Simplification of Equation 4, yields: &+&=%+%
T T, T, T

3 4

Q.0 Qz

4ﬂ Tzu

Q1 isthe unknown, thus Q, =T, $T3 (5)

Next, the DataRAM and rotameter temperature corrections were applied to Equation 5.

(Again, the assumption that all molecular weights and pressures are equivalent.)
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I:)AIR |leAIR

[ RT T
TAIR — AIR 4
Q, = Qor 2, = Qpr P, MW, » Qpr Tom

RT.

and
STD POBSTSTD = STD
Qz &' QS p Q2 or3 QOBS T Q20r3 T
STD OBS 20r3
Substitution of @, Qs and Qq yields:
STDT QDR f-l/ Q2 f STD
3 A -

é 5

EZ\CC_

Since the conditions in the original equation were at actual temperatures, and the
conditions in the above equation for Q, and Qs are at standard conditions, the conditions
for Q, and Q; must be converted to actual conditions of temperature.

T 2T, 0 0 / 2T, ou
g}Q STD T ’T * Q, STD
TSTD ﬂ QDR AIR = XgTSTD ﬂu

4

(6)

Q.=

U

¢

QI I

&3

Finally, simplifying Equation 6, yields:

STD T TD
Té; 4 QDRW//A _Qz,/ ;

S
STD

TSTD

EZ\CC_

o}

Now that the flow rate into the dilution chamber (Q,) is known, the concentration

of PM (C,) in the primary sampling chamber can be determined from the following mass

balance equation:

Mass balance: CQ, +C,Q, =CQ; +C,Q, (7)

115



where, C, = PM concentration ( ng/nt)
Sincethe dilution air was filtered with a HEPA filter at location 2 in Figure 3-1; C, = 0.
The PM concentration as measured by DataRAM was C,.

Inside the mixing chamber, C, = Cs; thus, Equation 7 can be reduced, yielding:

c=c, (@*Q)
Q,

It should be noted that the CQ, pairs must be evaluated at the same conditions of

temperature, so Qs, Q4 and C, will be evaluated here at standard temperature conditions.

Using the following values for this example calculation:

= (460 + 229.2) = 689.2 R
= (460 + 64.5) 5245 R
Tar = (460 +70) =530 R
Q,=30cfh
Qpr = 4.24 cfth (2 Lpm)

g‘% 3\[ 5245

AT =689.2 &

= (460 + 57.3) = 517.3R
= (460 + 86) = 546 R
= (460 + 68) 528 R
Q,=35cfh
C, = 1,481 ngm3

\/ 530 307 \/ 5173U it

&

»11. 71—
hr

&'III
[eony en

STD
=Q, /ST 3 35—,/ /245»3512

0
STD_QDR / )g Hgrp _424
AIR

546 2280 4162 ft_
530 {54655 hr

Thus, the actual concentration in the primary sampling chamber is:
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CACT C &T 9 ( gTD + AS«TD) — 1 481 ug @460 (35 12 + 4 162)
4 + ACT 8
Tso g m® 528 g 11.71

1

»513815 H9

The dilution ratio for this example is approximately 3.4:

ACT &517 30 ft®
where, Q5" =Q, / bz ngsm : Al? 3 )% = ﬂ» 29. 69W

ACT ?S-IV
STD ACT
T, _2969(6892) ..

Dilution Ratio = =
fT b QACT ?E% ACT T, 11.71(517.3)

Finally, the PM emission rate was calculated by multiplying the adjusted PM

concentration (C,) by the Kurz flow rate from the primary sampling chamber.

For this example, the emission rate for PM, 5 is approximately 3.1 g/hr.

_5,138ug a160+229.26. ¢ m®  272ft> 60min g
EmissonRate — 3 XQ X 6 x 3 x . x » 3.1
m @ 528 g10°ug 35.3ft° min hr hr

PM

Note: the temperature ratio [(460 + 229)/528] converted temperature into standard
conditions, which is equivalent to the Kurz flow meter (i.e., 272 scfm); the values [(35.3

ft*/m°®) and (g/10° ny)] are conversion factors.

Finally, the PM emission rate is adjusted by the integrated gravimetric sample that
was collected on the internal filter. For example, if the time weighted average (TWA)
reading on the DataRAM was 4.2426 mg/nT for areference period (Tg) of 359.5 minutes
(~ 6 hrs) and the sampling flow rate for the DataRAM (Qpgr) Was 2-1pm, then the

calculated average gravimetric concentration (Cg), is as follows:

Ce = m 34mg 1002L » 4.7@
T: Qo 359 5min(2lpm) m
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The calibration factor (CAL) for thistesting period, is as follows:

4.7”‘y
cAL =_Ce = m 511
TWA 4.2426”‘%3

Thus, the corrected PM emission rate is approximately 3.4 g/hr

g g
PM frisiongae = (1.1) X3.1= » 3.4
Emission Rate ( ) hr hr

Note: For purposes of this paper, the Molecular Weight (MW) of the exhaust gas can be
approximated by the following equations.

%N, =100- (%0, +%CO,)

900,05, 8600; 0, o8N, 0

MW =32 : . :
Exhaust Gas 8 100 p & 100 o 8100 7

where, %0, = Percent oxygen as measured by ECOM analyzer,
%CO, = Percent carbon dioxide as cal cul ated/reported by ECOM analyzer and

%N, = Percent nitrogen also approximated.

For example, %0, = 16.5 and %CO, = 3.3:

MW oo, = 328850, 448830, 52d00- 1654395 g g

2100 g 2100 g é 100 7]
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C1.4: Diesal Fuel Consumption Rate

The ldeal Gas Law { PV = (m/MW,;)RT} was used to convert the percent of carbon
dioxide (CO,), which was measured in the exhaust of the vehicle, into concentration at
standard conditions of pressure and temperature:

mCOZ = VC02 @MWCOZQ
VAIR VAIR g RU XT é
where,

Meo, = Mass of carbon dioxide (CO,)

Vg = VOlume of air

V oz = Volume of CO,

P = absolute pressure of air

MW, = molecular weight of CO,

R = universal gas constant, using (0.08208 atm L/gmol K)
T = absolute temperature of air

From the ECON analyzer, CO, = 2.31%, thus, the concentration of CO in air is:

Meoz _ 2.31§e 1atm (44 g/mole) (1,000 L/m?) 0_ 4239

Ve 100 §(0.08208am - L/mole - K) X273+ 20) K 5 m?

Using the vehicle exhaust gas flow rate (Q) and the CO, concentration, the production of

CO, (on an average per hour basis) can be calcul ated:

where, Mo, = mass flow rate of CO,
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Q = volumetric vehicle exhaust flow rate

From the Kurz flow meter, Q = 137.44 scfm,

thus, the mass flow rate of CO, from the exhaust of the vehicle is approximately :

Meo, = ?37'44 rfr:isn V35.r;23 fte VGOhTm 242'3 5 = 0867

The mass of carbon in diesel fuel (M¢)p) in units of (g/gal) was calculated with:
Mo = (WFep) 2oeser

where, r pese. = density of diesdl fuel (~3,212 g/gal) and

WR, = weight fraction of carbon in diesel fuel from the relation CH, g,

WF,, = 12011 =0.869
[12.011+ (1.80%.008)]
thus, M o, = (0.869)>3,212 g/gdl = 2’2319

Finally, the average diesel fuel rate (FR) in units of (gal/hr) was calculated using:

FR = M co2 WFgco,
Mcio

where, WF¢co, = Weight fraction of carbon in carbon dioxide (i.e., 12.011/44.099)

FR= 9,867 g/hr »>(12.011/44.009) 5 0.965 ga
2,791¢g/ga hr

Thus, for this example, the diesel fuel rate was approximately 0.97 gal/hr.
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C2: Truck Stop Electrification Estimates

C2.1: Annual Idling Emissions for Heavy-Duty Diesel Vehicles

A set of sample calculations is demonstrated below using the average NOx emission

factor from the current study (i.e., 167 g/hr).

Estimated daily average idling NOx emissions are 0.00441 tons/day for a single truck:

167g 24hrs  Ibs ton tons

hrs  day 454g 2,000lbs —  day

Single Truck =

Estimated annual NOx emissions for asingle truck are 1.61 tons/year:

ton 365day _ 161 tons

Single Truck = 0.00441
day year year

Total parking spaces for the contiguous US are approximately 315,535 spaces.*?
(284,675 commercial spaces + 30,860 public spaces = 315,535 total spaces)

Using only half of the daily average fraction of idling trucks (i.e., 0.53) from truck
counting experiments* conducted locally at the Petro Truck Travel Center, asa

conservative estimate (i.e., 0.5 x 0.53 = 0.265), the average idling NOx emissions are

approximately 135,000 tons/year:

) 1.61tons

NOx Emissi ons Contiguous US » (0.265315,535 spaces) x-———— » 135,000 —

year
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C2.2: Carbon Monoxide at Cold-Start

Cold-Sart Emission Rate (CSER) - Example for CS-5

;;e :
mm
tA
5
180 9 r>§;—605rr:|': -
_ hrg_ g
CSER, = 8hr =1.88 A

Electricity-Use Emission Rate (EUER)

Btu 0
453.69 1% 3412 Arvl_ Q

EUER ., = ECES,,
e

eg 9 watt 100;

2 Btu / 1000

_ ton 645369, 1 8¢ 341
EUER ., = %%.sl%)n >§26X1 262,200 watts

0° Btu ﬂ Ib 0.354 g
=019 %r

Actual Emission Reduction Rate (AERR)

AERR, =EIER, - (CSER, + EUER ;)

AERR, = 6459 - .88 9, +010 9 9=624 9

att

100~
a
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C2.3: Nitrogen Oxides at Cold-Start

Cold-Sart Emission Rate (CSER) - Example for CS5

2 5min _
248 9 r9—60 e

hro_ 2589
CSER,, = < ro_ /

Electricity-Use Emission Rate (EUER)

3.412 B 0
EUER ., = a% 6 / . x@ 1 °>82 200 watts i <00~
10°Btu 0.35¢ 9 watt 100('5

—cgs0
=584 9

Actual Emission Reduction Rate (AERR)

AERR,,, =1679( - g2.58 9/ +5.84 %rg= 150 %,

C2.4: Particulate Matter at Cold-Start

Cold-Sart Emission Rate (CSER) - Example for CS5

599 5m|n +

hr mi
CSER 960 60 miny * o _ 00624
PM2. 5 8 hr hr
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Electricity-Use Emission Rate (EUER)

. Btu 0
45369 1 6.8 3412 B 1900
EUER.,.,. = 20.03 b 32908 o = 989 200 watts x ¥ty

P25 = § AOGBtu Ib o.ssgg watt 1007

=0209/

Actual Emission Reduction Rate (AERR)

AERR ;,,,, =354/ - 0624 9/ +029 %rg: 319 9/
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Appendix D

Summary of Truck Data
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TableD.1: CO cold-start and extended idling emission factorsat engine rpm speeds and air-conditioner settings

60 o0 TS0 OO FLL]
I Velucle E-88 83 10 L
AC-CHF AC-Om A0 AlZ-Om AdC0d ACOm AL-0H AC-Ony A0 AC-Om ALCOd A
1 Freightliner 41.47 1902 Tagx &1 8% 2355 45T 5157 3.5
x Freightliner 1T 33444 ERE-E 00 TR Ta.10 14552 150 2% 13313
X Vobo 3254 1148 I4.11 24.33 1res FLAS 3071 3T
4 Vebe 3215 400 35,92 3z 1958 1656F 2507 3133
3 Mk 1344 115,02 AT Tr4F J&az 5517 R 1259 56
& Enmwirth 21.33 24508 3447 217 12.74 14574 4578 .00
T Tekerrediansl 3343 BE.6% Tl 6714 3435 Fi4a IRTI 43 77
& Enmworth Nl jgaon 33150 34.43 12.52 Z020 3RI16 63.T4
Vol IR 1 2E G429 G035 1962 1614 47133 A BE
L) Fraghtling: 43.71 A7 .44 5071 az67 23.58 2093 45.67 4316
11 Freightliner 57.01 E2.11 =008 77.74 3d.52 31.44 S0.63 £7.03
12 Intermatianzl bt 41 ] 137.50 11650 10848 43 65 520% 4920 52.8E
13 Intermatianzl 299 qTE 35.78 3315 15335 nis TLal £1.52
14 Fraightlimer £5.47 155,20 125.25 1140 41738 #4254 9305 19324
12 Fraightliner .55 10742 .24 7203 1520 25.07 14.50 15T
16 Fraightliner 52.45 FLER I L8055 151.41 3115 .o T4.91 10403
17 Fraighilier T 165,76 LaE&T 13814 451 503 LiEk | 5 ED
18 Fraghtlrer 16240 a2 a7 12 s a0 157,33 0T &7
1% Mk £1.93 156.54 14549 13548 4740 4544 H.06 JZAB
o Frayghthoer ZA0LSR 65501 = s Fnas F.67 15117 14572 23613
il Fraghthnes meTe T 156735 14833 47299 3523 b1o 11 B AE
12 Fraightlna 10757 145.03 137.58 130,31 A4 51 #2.4T 6180 10242
13 Tack 5224 15825 156,09 160058 5514 51.08 456 57.60
el Idad: oo 1 24342 22531 7.05 G55 Lo 13312 16819
Average= " 180 163 145 281 paili} 437 [ Wi A6.2 413 4R 628 iR A Tabt bl
Sty = S bt 148 161 123 171 R B3 0.3 124 40 S 170 ey N %
R = -3 -] 1% 133 112 473 ol i e | 138 it el K | k. 203 s Gl = B ] L]
b= 24 24 14 14 11 11 | r ! El ] a 2 % 11 H |

Notes: Emission factors units = (g/hr); CS-SS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, -10 & -15 = Engine cold-start during the first 5, 10 & 15

minutes, respectively; AC = Air-conditioner at Off and On settings; %RD = Percent relative standard deviation (Stdev/Average)x100.
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TableD.2: NOx cold-start and extended idling emission factors at engine rpm speeds and air-conditioner settings

00 60 o0 TS0 OO FLL]
I Velucle E-88 83 10 L
AC-CHF AC-Om A0 AlZ-Om AdC0d ACOm AL-0H AC-Ony A0 AC-Om ALCOd A
1 Freightliner 16558 33538 3155 TS50 13959 24850 154.84 2553
x Freightliner 19834 24364 2227 I1E02 13014 181,14 170.5% 17328
X Vobo H7E7 15244 19388 17582 102,05 10212 1181 132.8%
4 Vebe 150 16977 L e 1112 L10E, 30 1. 12272 15714
3 Mk 152135 144 50 L3523 12193 aEr el 13145 16T 53
& Enmwirth 10214 112.30 11680 11044 a3l A5 10198 11004
T Tekerrediansl ZTT.48 33602 31735 Ie42 173462 22358 1364 I0Ga5
& Enmworth 14314 16993 15753 15334 FZ AP 12681 M. T 12547
Vol 113.40 13807 13833 14116 G309 Lk 126817 1354
L) Fraghtling: 20403 22278 241.26 234.47 14045 162,48 195,38 21284
11 Freightliner 185,04 IEZ.50 25153 24750 50,32 123 &3 105.45 17173
12 Intermatianzl IT3.53% 544 72 45444 38545 11042 19254 11240 13954
13 Intermatianzl 1546 154.1% 15282 14E.0d w5.21 155 & I 18 30T I
14 Fraightlimer 755 il R 262.27 25531 114.38 195.09 695 T4 02
12 Fraightliner TEATS I 31aeer 20454 115.5& 17579 149.87 12533
16 Fraightliner 19290 2149 31643 315.35 13771 1804 19817 434
17 Fraighilier 14855 fa N 27244 £33.13 132.1 142,92 15834 37372
18 Fraghtlrer 4,65 544 TE1T 5352 354 T4.03 11154 110z7
1% Mk 153.17 Z61.EY 25376 24211 11152 12382 15036 17553
o Frayghthoer 16274 138.33 13005 16456 128.08 13077 15454 161 5%
il Fraghthnes 1TRAER 25T.RR 21613 15897 |581S 17150 2083 1126
12 Fraightlna 373.481 T AD 41224 411.21 23787 3310 24277 45333
13 Tack 186,07 31013 22533 V687 14257 153 83 204.07 243635
el Idad: 1658% 23935 193.62 15548 107.88 11434 13214 14037
Average= 187 248 337 238 o3 136 na iy 133 14 L3 2 129 T L= 33X
Sty = et} 103 533 pin ] 357 ) 31 124 154 1 1.3 320 495 1n” w03 w6 s
B = e 417 2 AT 240 510 338 11.7 1.7 112 oty 173 31 x| 83 A2
b= 24 24 14 14 11 11 | r ! El ] a 2 % 11 H |

Notes: Emission factors units = (g/hr); CS-SS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, -10 & -15 = Engine cold-start during the first 5, 10 & 15
minutes, respectively; AC = Air-conditioner at Off and On settings; %RD = Percent relative standard deviation (Stdev/Average)x100.
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TableD.3: PM cold-start and extended idling emission factors at engine rpm speeds and air-conditioner settings

630 o0 T OO
I Velucle E-88 83 10 L
AC-CHF AC-Om A0 AlZ-Om AdC0d ACOm AL-0H AC-Ony A0 AC-Om ALCOd A

1 Freightliner reT 137 I.66 282 4.94 541 529 1.57
z Freightliner
X Vobo
4 Vobe
3 Mk
& Enmwirth
v Tnkerrationl
& Enmworth

Vol 1 ik} 100 115 217 z.34 327 3@
il Fraightliner TAT 13 .55 407 4.17 431 A% 11.6%
11 Eraightiines 1.6 2I3 PR ] 1.59 1.15 1.00 133 211
12 Intermatianzl T.0% 0z 3 85 19 j.20 9.32 4.8 LN
13 Intermatianzl 1.68 1.08 1.05 1.11 1.0 192 EH-i] 35
14 Fraightlimer 0.3z (il 3 e 29 0E2 0.2 33T i
12 Fraightliner T.0 115 3.82 .07 4.4% Ha 11.87 1638
16 Fraightliner [ 1.25 1.11 (k1] 144 M 1.6 2.4
17 Fraighilier g1} 211 1.3 [EEs ] 111 032 .83 [RER
18 Fraghtlrer 507 456 EXH 2.2 108 175 407 293
1% Mk 158 5.49 313 2.21 G 122 z.14 221
o Frayghthoer FES &15 17.31 15.02 @351 232 .54 343
il Fraghthnes 130 &30 S48 403 041 0aT 1.07 3%
13 Fralghtliner 234 1.10 1.24 1.20 A0 T a0 184 £43
13 Tufmck 040 245 141 1.03 o.2a 046 172 1.53
el Idad: 117 239 1.47 140 071 [eie3 2.0 Jed

Average= bt s 150 2 iy o144 17 15 [ | L] 0T 020 434 T 1es LB 437 411

Stadev = ol 113 R ] 634 143 074 o.An Li714] 411 LR ] 208 LB 438 a3
LR = B 1an 168 124 B34 thad LY L] i 1] alm 123 ] (L] g3 |
b= 17 17 17 L g ] 1 1 r 1 ] a 3 a 1 16

Notes: Emission factors units = (g/hr); CS-SS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, -10 & -15 = Engine cold-start during thefirst 5, 10 & 15
minutes, respectively; AC = Air-conditioner at Off and On settings; %RD = Percent relative standard deviation (Stdev/Average)x100.
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TableD.4: NO,/NOx ratio during cold-start and extended idling at engine rpm speeds and air-conditioner settings

60 o0 TS0 OO FLL]
I Velucle E-88 83 10 L
AC-CHF AC-Om A0 AlZ-Om AdC0d ACOm AL-0H AC-Ony A0 AC-Om ALCOd A
1 Freightliner b1s R 1] 01& e 0I1d 015 a1z 17
x Freightliner 02z bR 0.2 22 K] QI 925 24
X Vobo b5 &zl .15 14 (PR 014 0.20 PR
4 Vebe 0% g Q.15 E4 B 01d LRE a1 1+
3 Mk w7 [ER 1} Q1 [Eh ) G2 RZ2 Q18 1%
& Enmwirth o Cas 0.14 G4 a3 a3 e ol
T Tekerrediansl [IRE 17 .13 3 [ER ] 014 PRE Gl
& Enmworth o7 oar .07 o7 0ag g e a3
Vol nis ag LRI o1l o1y 14 PRE LR
L) Fraghtling: 011 £as oow o1a 013 0.12 a.14 0ol
11 Freightliner 011 oo oo [P L] 04 01z Q17 0old
12 Intermatianzl [IRE.3 14 014 [N B % 0.1z a.20 k12
13 Intermatianzl 0.20 g 1d o7 bX3 020 a.2x i
14 Fraightlimer 0.2: b2 o 21 xS 022 a.2aT DIT
12 Fraightliner 011 15 014 4 D12 012 @11 011
16 Fraightliner [IRE rig Q.15 15 215 13 a1e 14
17 Fraighilier IRk} 19 1% [ER E] 020 217 Q.20 1%
18 Fraghtlrer 02 RS 045 034 BZh .23 2% 32
1% Mk 021 17 01E 19 024 nz2 .21 Bz]
o Frayghthoer 024 BZT Q.25 024 1% 2.21 022 BZT
il Fraghthnes n21 Bzl Q.22 23 a1 DT % FRE
12 Fraightlna .14 oz 012 o1z 013 013 RE (VB k4
13 Tack 0.23 01G 01g [ieL] 0 az0 RE] PR E:}
el Idad: 0.21 (i]vr-3 a7 027 21 [eleat ] 03% 34
Average= 01t a7 0.17% it I NT] .14 [T | 3 018 (1 Ny [N .14 L] NES a1 LN
Srdev = e 00ns o LT ot XA LTI [ [EEEs i oos 0 0ns 00 skig LET)
B = S48 A AT o A3 et LYo Laa 118 .0 128 261 a5 e #0.0 Ehi )
n= 24 24 ! 4 11 11 2 z 1 4 5 5 5 5 g 21

Notes: NO,/NOx ratio (unitless); CSSS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, -10 & -15 = Engine cold-start during the first 5, 10 & 15 minutes,
respectively; AC = Air-conditioner at Off and On settings; %RD = Percent relative standard deviation (Stdev/Average)x100.
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TableD.5: Fuel consumption ratesfor cold-start and extended idling at enginerpm speeds and air-conditioner settings

00 60 o0 TS0 OO FLL]
I Velucle E-88 83 10 L
AC-CHF AC-Om A0 AlZ-Om AdC0d ACOm AL-0H AC-Ony A0 AC-Om ALCOd A
1 Freightliner 1.31 118 Z.05 125 122 1.2 172 238
z Freightliner 2.2 141 .52 247 1.0 13% 225 112
X Vobo 1.52 134 a2 2110 1.2a 1.20 1.4 154
4 Volre 171 .57 1.0 1.54 1.1 118 1.54 1.8
3 Mk i .56 .53 2.5 111 114 Q.65 1.15
& Enmwirth nm 0Tl 0Tl [Ery | s an 1.2% 148
T Tekerrediansl 1.34 LGB 156 1.51 £ 106 117 1.23
& Enmworth nEs L0 101 LG4 D34 e 114 1.41
Vol nis (il 053 03z Dz4 0.24 Q.60 D
L) Fraghtling: 1.60 1.63 179 174 122 1.37 170 1.81
11 Freightliner 1.14 1.50 1435 144 043 080 08T 1.35
12 Intermatianzl a3 idk 3.1 19 1.51 1.58 145 147
13 Intermatianzl 1.0 1.08 1.10 (WE] 0a7 s 1.4 244
14 Fraightlimer [I§:2 1.1% 1.03 [eEe] D44 a1 aT 1.X7
12 Fraightliner T iae £9.1.3 355 1453 199 182 2.6
16 Fraightliner 1M 218 230 2534 1.39 1.52 1.05 24
17 Fraighilier T 438 E¥1 vz e 2.68 335 11
18 Fraghtlrer 142 3 3 3 L7 1.21 1.6 1.4
1% Mk 1.05 1.28 1.4 1.20 Kk 1] n; 133 1.52
o Frayghthoer 54 339 440 18z 143 3.24 3.24 343
il Fraghthnes 211 2.56 Z.I7 219 2 07 214 il 2.5
12 Fraightlna 117 1.38 133 1.35 [ 105 0.64 1.14
13 Tack 1.03 1.23 117 113 (7] 035 1.33 1.43
el Idad: 04 1.2 1.0& (WEr 053 [ef-1 a4 1.08
Average= 163 0% 2 iy 150 oas 100 LLE: 1L 202 2 ied (N1 318 L) 13 LAY 188
Stdev=| 083 108 LG 097 e 0 037 IR 0.6 L] 052 0.7 037 0l 080 [
B = 513 L 533 01 0.7 w2 A3% 347 RN 240 R 4.3 r.lp A | s T A1
b= 24 24 14 14 11 11 | r ! El ] a 2 % 11 H |

Notes: Fuel consumption rate units = (gal/hr); CS-SS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, -10 & -15 = Engine cold-start during the first 5, 10 &
15 minutes, respectively; AC = Air-conditioner at Off and On settings; %RD = Percent relative standard deviation (Stdev/Average)x100.

130



TableD.6: Exhaust gas O, percent during cold-start and idling at engine rpm speeds and air-conditioner settings

60 o0 TS0 OO FLL]
I Velucle E-88 83 10 L
AC-CHF AC-Om A0 AlZ-Om AdC0d ACOm AL-0H AC-Ony A0 AC-Om ALCOd A
1 Freightliner 1208 1706 17.22 17.42 1812 1.7 .98 1758
x Freightliner 15.20 1447 1463 14.7¢ 14.10 15.54 i1l 18.15
X Vobo 1384 1346 13.34 1338 1550 15.34 1600 1541
4 Vebe 13.39 1Z2.1% 1253 12.789 L5590 15.25 15.64 1535
3 Mk 13,03 14.2¥ 1430 14.43 1706 146.4% 1508 L& 58§
& Enmwirth 1517 17.81 1783 1201 1920 1875 1893 18 =4
T Tekerrediansl 1747 14583 1711 17.25 1540 18.24 1842 1725
& Enmworth 1503 17.54 1735 17.6% lg.so 1835 1873 13.32
Vol 1240 1882 1803 116 mn 1959 1978 1978
L) Fraghtling: 1802 1772 1799 17.85 13.60 1820 1830 18.09
11 Freightliner 17.73 17.24 17.50 17.460 [E=R- 1820 1828 13.27
12 Intermatianzl 1615 1513 15.40 15.84 170 1653 1680 1845
13 Intermatianzl 17.43 170 17.15 17.23 1847 17.83 1814 1771
14 Fraightlimer 18485 14.57 1840 1243 1930 1850 10084 12.00
12 Fraightliner 15.32 1347 1364 1397 144l 15.87 14800 15.59
16 Fraightliner 14.21 1302 13.29 1344 L5003 1458 14.93% 1445
17 Fraighilier 11.12 14 1064 1678 12.60 11352 12.00 11.81
18 Fraghtlrer 14.58 13.33 1367 13.73 1540 15.07 15.30 1516
1% Mk 1811 14.59 1654 17.22 1552 18.3% 1548 L4
o Frayghthoer 11.58 1276 1083 LLae 12440 12.0% 12.40 1218
il Fraghthnes 1415 1211 1344 13 54 15.040 1453 1490 1483
12 Fraightlna .77 15.60 1685 17.08 1250 1817 1880 12.07
13 Tack 1841 17.03 17.35 17.55 1305 1878 1838 1281
4 Biack 1E50 1710 1742 17.41 1290 1273 187k 1242
Average= 163 124 126 157 174 171 180 (e 3 147 142 152 1610 183 178 174 171
Sty = 24 1 2 a4 1% 19 13 16 1% 18 14 a4 12 1.3 P 3%
B = 146 137 124 125 108 112 5 a0 137 128 151 132 .5 13 131 132
b= 24 24 14 14 11 11 | r ! El ] a 2 % 11

Notes: Concentration units = (percent); CS SS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, -10 & -15 = Engine cold-start during the first 5, 10 & 15
minutes, respectively; AC = Air-conditioner at Off and On settings; %RD = Percent relative standard deviation (Stdev/Average)x100.
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TableD.7: Exhaust gas CO, percent during cold-start and idling at enginerpm speeds and air-conditioner settings

00 60 o0 TS0 OO FLL]
I Velucle E-88 83 10 L
AC-CHF AC-Om A0 AlZ-Om AdC0d ACOm AL-0H AC-Ony A0 AC-Om ALCOd A
1 Freightliner g 220 273 262 111 240 220 a3
z Freightliner 425 4.78 4. tih 4.57 3.0 401 X 355
X Vobo 5332 5.38 Sl 5.58 3T 4.1 30 412z
4 Vebe .58 Al 481 0T T +.22 X4 A4
3 Mk +.2% .91 473 455 250 i 141 176
& Enmwirth .0 .33 .23 2.20 1.30 1.6 1131 1.41
T Tekerrediansl I4F IH .83 213 180 202 1.71 it
& Enmworth Il 2.48 Z.53 243 150 1% 1.6 2.00
Vol 104 162 144 1.36 o7 a7z a2 nEl
L) Fraghtling: z.18 238 z.3: 2.30 180 z.10 .00 21z
11 Freightliner 135 175 .56 243 154 .08 1.54 200
12 Intermatianzl 155 4.30 410 182 131 321 310 in
13 Intermatianzl fll | 230 .43 237 1.43 | r1x 241
14 Fraightlimer 132 1.95 1.92 1.89 100 154 1.02 147
12 Fraightliner 14 5.39 5.3 515 340 in 170 357
16 Fraightliner 4.6 504 545 553 440 432 447 474
17 Fraighilier T.23 T4 Tl .52 L2 33 LR &5
18 Fraghtlrer 464 3 3 3 410 436 420 432
1% Mk 13 1.24 z.m 237 171 1594 172 1.34
o Frayghthoer 653 156 T3E 125 &30 4653 530 43
il Fraghthnes M 3TR 5.53 540 440 434 441 A.467
12 Fraightlna 237 233 .04 2E 1.50 Z0& 1.51 1%
13 Tack 135 231 I.68 2.50 1.41 142 1.50 1.58
el Idad: 184 248 .43 a3 1.50 L.87 1.68 .77
Average= 34 4.1 o] 5] P 28 13 x4 4t 20 3ok 7.1 pgi] 1. 3 ot |
Sty = 19 14 18 L8 1 14 Lo 1.2 1 R 18 18 K] 14 17 15
B = LR Eh EEE 460 L) Eurs 420 i pact 68 134 87 A% 0 531 a%n
b= 24 24 14 14 11 11 | r ! El ] a 2 % 11 H |

Notes: Concentration units = (percent); CS SS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, -10 & -15 = Engine cold-start during the first 5, 10 & 15
minutes, respectively; AC = Air-conditioner at Off and On settings; %RD = Percent relative standard deviation (Stdev/Average)x100.
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TableD.8: Equivalenceratio during cold-start and extended idling at engine rpm speeds and air-conditioner settings

00 60 o0 TS0 OO FLL]
I Velucle E-88 83 10 L
AC-CHF AC-Om A0 AlZ-Om AdC0d ACOm AL-0H AC-Ony A0 AC-Om ALCOd A
1 Freightliner IR E b.ig a1 e1T 013 a.1é a4 17
x Freightliner 23 031 030 30 013 Qe 923 b3
X Vobo 035 035 03¢ 034 bZa an 24 02T
4 Vebe 034 42 QAL 3 024 . 0.24 027
3 Mk 024 32 .51 30 [FRE eIt PR 12
& Enmwirth nzF 15 013 o4 nas all a1 1z
T Tekerrediansl 015 zn a1s [E i (ERN] 013 Qlz 14
& Enmworth IR 01T 016 £ -7 o1n 12 211 13
Vol noT oan 0ng e (R ani Q.05 o e
L) Fraghtling: 014 ois 013 [ 011 0.13 013 0ol
11 Freightliner 01s oig 017 [P ¥ on 0.13 Q.10 03
12 Intermatianzl 0.2% (i} oz 25 % 0.21 a.20 il
13 Intermatianzl 01T 019 iR} KR E] D12 013 a4 1
14 Fraightlimer 011 b1t 12 (KN W 0.0d [URLH 0.0 1
12 Fraightliner 0.27 035 034 33 bx2 0.24 [ 0.24
16 Fraightliner 03z 38 0.5 34 cxy L a2e x3
17 Fraighilier 047 x50 048 (a9 043 Gas 43 545
18 Fraghtlrer 030 036 0.35 B35 Bzy .28 02T Bzg
1% Mk n14 [hy | 1g (KR -] (FR Y] 12 11 1z
o Frayghthoer 044 04p Q45 [ 41 043 041 42
il Fraghthnes niz B3R 036 035 029 231 025 030
12 Fraightlna [(RE3 ozl 0.0 (R & [RL] 013 AT 014
13 Tack 011 (R L] 017 (AL [PRec] a1l AT S 1}
4 Biack 01z 019 an Cig 10 &1 011 11
Average= L ] 1] i3 [ (o for] 02 iR | 03 L] o oz 1 ] 0.l L1 ] 03 1u
Sty = o [N il ¥ 01 ol LR ] 0.1 [¥] 01 0.1 L% [iN] 0l ol 0.
B = S Eh EEE 460 5.2 At A 0 A5t pact 4 w8 EoT 00 451 08 [5X] a%n
b= 24 24 14 14 11 11 | r ! El ] a 2 % 11 H |

Notes: Ratio units= (unitless); CS-SS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, -10 & -15 = Engine cold-start during the first 5, 10 & 15 minutes,
respectively; AC = Air-conditioner at Off and On settings; %RD = Percent relative standard deviation (Stdev/Average)x100.
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Table D.9: Dilution ratio during cold-start and extended idling at engine rpm speeds and air-conditioner settings

630 o0 T OO
I Velucle E-88 83 10 L
AC-CHF AC-Om A0 AlZ-Om AdC0d ACOm AL-0H AC-Ony A0 AC-Om ALCOd A

1 Freightliner 0.5 095 095 25 Gag 0.5 0.5 (EE]
z Freightliner
X Vobo
4 Vobe
3 Mk
& Enmwirth
v Tnkerrationl
& Enmworth

Vol 740 341 T4 340 340 341 342 341
il Fraightliner 40 3.40 T4D 340 141 241 344 342
11 Eraightiines 40 3.40 340 34d 341 335 341 343
12 Intermatianzl Il 340 Al a0 141 343 341 .40
13 Intermatianzl T4z idl 3l a1 343 42 341 343
14 Fraightlimer I3 317 ENY) 337 340 330 a4 341
12 Fraightliner ki ey s 3.3 3534 344 T4 141 138
16 Fraightliner 135 ik 3.H 134 im £y FAd 149
17 Fraighilier 334 1M 3 334 .35 33 344 345
18 Fraghtlrer 335 3135 s 335 im 336 F34 343
1% Mk 334 3135 336 334 338 336 337 347
o Frayghthoer 335 338 35 337 i3ig 3.37 AR 343
il Fraghthnes 333 ER | 3.32 132 135 334 334 138
13 Fralghtliner 135 138 135 138 240 138 341 2401
13 Tufmck 334 335 333 334 338 337 340 3.dd
el Idad: i34 iM M 334 334 1ie 40 im

Average= . b 33T 37 341 P 338 338 330 3A7 140 X 3R 337 b1l . nd

Stadev = 0 LIT:4] 03 LIT1.] s 042 0 ind ol ol oo ol [l 1] {iT0s]
LR = 081 L] 0ae L1 ] L5 ] 041 0.7 111 R i 033 0344 k] {113
b= 1 e 15 1 g T 1 1 r 1 4 Bl 3 a 1n 14

Notes: Ratio units= (unitless); CS-SS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, -10 & -15 = Engine cold-start during the first 5, 10 & 15 minutes,
respectively; AC = Air-conditioner at Off and On settings; %RD = Percent relative standard deviation (Stdev/Average)x100.
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Table D.10: Exhaust gastemperatureduring cold-start and idling at engine rpm speeds and air-conditioner settings

00 60 o0 TS0 OO FLL]
I Velucle E-88 83 10 L
AC-CHF AC-Om A0 AlZ-Om AdC0d ACOm AL-0H AC-Ony A0 AC-Om ALCOd A
1 Freightliner 214.5% 168,83 L7TE10 184.93 211.82 2re2d 4B 34 25151
x Freightliner 184,28 155.27 17154 18083 a4l 204,32 Z183E 1945
X Vobo 18393 123,34 17264 15808 174.58 18832 195,12 Pl 1]
4 Vebe Tha90 155,500 17851 18488 187.24 125040 1S 4F 20157
3 Mk 16716 14476 LT+ 16340 15783 L&1.65 1678 2302
& Enmwirth 16196 120.36 13633 14657 15T.00 18782 261.63 139ZR
T Tekerrediansl 1#1.97 144.13 16582 17391 157233 207 28 Zne 33 4736
& Enmworth 15853 10993 126235 140000 155.07 18785 Z57.40 446 37
Vol 17036 13443 14473 15143 150,30 19173 Z33.00 #3047
L) Fraghtling: 214.77 20657 20868 Z1027 205,10 21815 Z30.61 24350
11 Freightliner 18743 16275 17361 18274 170.57 188.07 20534 I23EE
12 Intermatianzl 192485 153.23 LT0ET 1793 1590.5% 205.02 o Wi 3370
13 Intermatianzl 20454 16397 19173 15611 205,85 21325 25685 54 14
14 Fraightlimer 17801 14348 15554 16240 174.947 19038 &) 1931
12 Fraightliner 19590 17067 14752 15847 177.14 1481.31 200 20702
16 Fraightliner 16727 157.03 17280 1Ma2 15900 17042 20830 22000
17 Fraighilier 17697 150,30 L7047 17040 181.27 15490 213.02 14485
18 Fraghtlrer 16754 160.76 17TL&T 1488 172.56 17738 Z11.10 209 TE
1% Mk 17350 12717 135800 14674 16213 17943 19172 0717
o Frayghthoer 1T.2P 13943 172.65 17538 1&1.00 185.05 20734 20512
il Fraghthnes 1TR4R 147.57 162,63 16671 |22 17208 Z16458 21327
12 Fraightlna 197,45 161.70 18019 18607 15085 0573 217.32 23807
13 Tack 17706 12210 13513 140030 187 58 200.03 205,42 1713
4 Biack 160045 11262 13217 13211 163.44 17013 eal ] ey
Average= 183 148 164 173 181 185 176 1% 183 194 p{il | Sl 19% i1 i ] X33 37
Sty = 168 3% 04 302 128 1% 172 B30 058 138 15.7 161 152 1A (L) 156
R = ala 130 124 1 s L] 2% ) +.71 5.3 T4 TH T.72 TER 593 B.7T7 [
b= 24 24 14 14 11 11 | r ! El ] a 2 % 11 H |

Notes: Temperature units = (degree F); CS-SS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, -10 & -15 = Engine cold-start during the first 5, 10 & 15
minutes, respectively; AC = Air-conditioner at Off and On settings; %RD = Percent relative standard deviation (Stdev/Average)x100.
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TableD.11: Ambient air temperature during cold-start and idling at enginerpm speeds and air-conditioner settings

60 o0 TS0 OO FLL]
I Velucle E-88 83 10 L
AC-CHF AC-Om A0 AlZ-Om AdC0d ACOm AL-0H AC-Ony A0 AC-Om ALCOd A
1 Freightliner Seal e ] ==4.1H] 2239 ariz el 2511
x Freightliner TLE 1.3% T1.52 772 1358 5 Ti96 o
X Vobo LA 2,23 a%a4 Ay 1473 T35 TE1E a3k
4 Vebe LA 701 44T 7. 40 1544 7240 TRGT ]
3 Mk TR 15T THI3 176 #1235 #1.93 §i2.21 65.74
& Enmwirth TR TR62 T4 FEAK] .37 G253 dled TT4E
T Tekerrediansl 396 .31 a314 5145 54.35 i #5.00 F116
& Enmworth LT a8y T A4S AT 5,36 8263 §1.15 BT.53
Vol §2.74 172 #1658 LTI F1.54 G358 A0azr 103
L) Fraghtling: E234 B1.7Y 8163 BL.91 8422 34.11 83.75 E2TE
11 Freightliner 71.21 .77 4T3 74.85 74.82 74.57 T5.07 7788
12 Intermatianzl Al 1842 TEE] 1245 q2.80 N LIET S 7480
13 Intermatianzl ST B 23 B0 BE 3D =N 150 a2 158
14 Fraightlimer 188 £1.43 2100 BLae 323 2252 .08 B2 25
12 Fraightliner 5399 49 44 S0001 S0AR &2 .57 #4352 #0177 5.8
16 Fraightliner 4443 T 40T 40 52 3T L1 5632 S0.Ed
17 Fraighilier 4374 A5 Jee4 3205 S6.92 Jrag Spie 8143
18 Fraghtlrer 402 43.82 417 44.44 358 5104 38357 031
1% Mk 4524 4471 4402 44.34 Jn4e 45,65 5328 5 F5
o Frayghthoer 45:18 Eic 1 4031 4048 5506 JL3Z N2 JTET
il Fraghthnes IRZ1 s 3505 IEIT 45T 4293 53198 3773
12 Fraightlna 40010 4364 44,00 44.43 £2.17 =754 §152 £5.42
13 Tack 5245 43,52 4524 45,15 6205 56,99 63,43 £3.57
el Idad: 54.949 540 53.0% 51N 4 50 &1 50 GE 23 . ka4
Average= (=N [s%) el 2 il ol Ta s Al TS TLT L2 519 k| e A [ ] ol T EESY Tan
Sty = 171 185 184 183 123 134 133 LA 144 183 154 Lok 143 156 129 114
B = g |H i 1 a4 168 183 174 a0l T30 280 a0 it} s i 17.7 156
b= 24 24 14 14 11 11 | r ! El ] a 2 % 11 H |

Notes: Temperature units = (degree F); CS-SS = Engine cold-start to reach steady-state condition, typically 1-3 hoursin duration; CS-5, -10 & -15 = Engine cold-start during the first 5, 10 & 15
minutes, respectively; AC = Air-conditioner at Off and On settings; %RD = Percent relative standard deviation (Stdev/Average)x100.
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TableD.12: MW of exhaust gas (dry basis) for cold-start and idling at engine rpm speeds and air-conditioner settings

00 60 o0 TS0 OO FLL]
I Velucle E-88 83 10 L
AC-CHF AC-Om A0 AlZ-Om AdC0d ACOm AL-0H AC-Ony A0 AC-Om ALCOd A
1 Freightliner 2807 2315 il B 2512 23048 02 ey 2912
x Freightliner Pl 29.54 IR33 2232 2322 20.24 1922 2911
X Vobo 1541 241 143 2945 13,23 In2e IRlx 1217
4 Vebe 2R43 2852 TrAag 2547 1923 IR29 213 e
3 Mk 2FEN 2336 733 2R3 2714 FR b il 2503
& Enmwirth 2508 2308 Z7.08 2av 14.55 2902 IRan 29.03
T Tekerrediansl 2210 2R 16 Zrl4 213 2203 203 IRH 2.
& Enmworth sy 2912 2711 231D 800 903 IR0Z 29.03
Vol o] 230 ThS 2895 14592 ImR IE 24 04
L) Fraghtling: o7 29.09 009 2208 29.03 29.05 20,05 29.05
11 Freightliner 2508 29.13 511 310 19.00 25.06 15,00 2905
12 Intermatianzl kLA 29.29 2527 2225 ris %18 K ) 918
13 Intermatianzl %11 2915 w14 2413 19.08 2908 ey 29.0%
14 Fraightlimer 02 2205 o 2504 19.95 2000 Bas 2900
12 Fraightliner 1024 2241 2039 LR 19.20 034 bl I3
16 Fraightliner LT 2946 o4 22.42 19.30 034 b | 2934
17 Fraighilier 208l 2948 st 2 2943 ZR 34 2957 I 2857
18 Fraghtlrer 2833 2942 ZR4] 2940 9.2 2930 iPzZh 29.30
1% Mk 2808 2918 ZR15 213 2902 2005 2P0z 29.03
o Frayghthoer 2056 2364 st 2741 23.50 1053 2950 29.52
il Fraghthnes 2837 2345 043 241 zR30 2934 931 29.33
12 Fraightlna 2000 12018 20018 2214 2900 20.05 20000 23.07
13 Tack 25.02 2313 ST 2510 REELS 2801 2500 2301
el Idad: 205 2914 2512 2210 2300 .ol 0z 2203
Average= 03 1937 ikl ] ] pi- 1] e id 1907 3010 Hax 2947 .30 X ¥k 2508 Pt i) b ] 1914
Sty = o 03 L% ] 01 ol LR ] 0.1 [¥] 01 0.2 ] [iN] 0l [ 0z
B = o 0. {71 [F 0 0 ] 0. 03 0= 0.6 [T 0 0.3 [T} 05
b= 24 24 14 14 11 11 | r ! El ] a 2 % 11 H |

Notes:. Molecular weight units = (unitless); CS-SS = Engine cold-start to reach steady -state condition, typically 1-3 hoursin duration; CS-5, -10 & -15 = Engine cold-start during the first 5, 10 & 15
minutes, respectively; AC = Air-conditioner at Off and On settings; %RD = Percent relative standard deviation (Stdev/Average)x100.
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Appendix E

Truck Real Time Emission Rate Behavior

138



400 T T T T T 30
' AC-Off ' AC-On ' AC-Off " AC-On '
«(Cold-Start) — = = — = = — == — = - Lrpm™ = = Laom ™ tirom’ ™ Horpm 3
350 ——NOX I l |
— 1 1 L] L]
CO L] L] L] L] B 25
—FlowRate | | | |
—Temp ]
o % [ —PM2.5 ' ' '
~ : ' . ]
£ ——02
Sz co2 I I [ 20
8 5 250 - - :
©
5
5F |
‘D 3
3 = 200 15
=
[TH
£E /
50
e
% 8 150
Q .
o 2 10
T
100 w
WWW - s
50 " .:'M_" J
bMWwWM«* I o e | | | |
L] I L] L]
L] L] L]
0 — T B — B T —T — —T T — B — T T —T— T T 0
12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00
Time (hh:mm)

PM2.5 Emission Rate (g/hr)

02 & CO2 (Percent)

Figure E.1. Emission and flow rate behavior for 1996 Freightliner truck (ID#1).

Note: L-rpm =750 and H-rpm = 1000.
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Figure E.2: Emission and flow rate behavior for 1998 Freightliner truck (1D#2).

Notes. L-rpm =800 and H-rpm = 1000; PM datanot available.
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Figure E.3. Emission and flow rate behavior for 2004 Volvo truck (ID#3).
Notes: L-rpm =600 and H-rpm = 700; PM data not availabl e.
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Figure E.4. Emission and flow rate behavior for 2004 Volvo truck (ID#4).
Notes: L-rpm =600 and H-rpm = 700; PM datanot available.
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Figure E.5. Emission and flow rate behavior for 1999 Mack truck (ID#5).
Notes: L-rpm =650 and H-rpm = 1000; PM data not available.
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Figure E.6. Emission and flow rate behavior for 2004 Kenworth truck (I D#6).
Notes: L-rpm =600 and H-rpm = 1000; PM data not available.
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Notes: L-rpm =800 and H-rpm = 1000; PM data not available.
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Figure E.12. Emission and flow rate behavior for 1995 International truck (I D#12).
Note: L-rpm =750 and H-rpm = 1000.

144



400 T T T T 25
AC-On AC-Off AC-Off AC-On
— (Cold-Start)- — = - — om— " 1—- Lrpm™ = 7 17 THpm 1- THerpm T 1
L] L] L]
350 T T I
| I ™
L] n
300 T = | | | ” 10 T
~E . . e S—(—
£po
23
©
§ g 250 15
¢ e |
[ = (= n
% oF 200 [ "
n o T
= =
i / I l— |
x N L] L] n
Q :J’ ] ! 1 co q r 10
zg 150 I ——FlowRate I
o —Temp
O % ] "
E l‘ L] L] _PM25 n
100 I —02
"] \ coz L g
L]
50 i i
W% v
L] 1 L]
0 t T T T T T T T T T } T T T T T T T T —— T T —+ 0
12:30 13:30 14:30 15:30 16:30 17:30 18:30 19:30
Time (hh:mm)

PM2.5 Emission Rate (g/hr)
02 & CO2 (Percent)

Figure E.13. Emission and flow rate behavior for 2004 Inter national truck (I D#13).
Note: L-rpm =600 rpm and H-rpm = 1000.
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Figure E.14. Emission and flow rate behavior for 1992 Freightliner truck (ID#14).
Note: L-rpm =600 and H-rpm = 1000.
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Figure E.15. Emission and flow rate behavior for 2004 Freightliner truck (ID#15).
Note: L-rpm =600 and H-rpm = 750.
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Figure E.16. Emission and flow rate behavior for 1999 Freightliner truck (ID#16).
Note: L-rpm =600 and H-rpm = 1000.
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Figure E.17. Emission and flow rate behavior for 2003 Freightliner truck (ID#17).
Note: L-rpm =700 and H-rpm = 1000.
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Figure E.18. Emission and flow rate behavior for 1997 Freightliner truck (ID#18).
Note: L-rpm =600 and H-rpm = 1000.
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Figure E.19. Emission and flow rate behavior for 2003 Mack truck (ID#19).
Note: L-rpm =800 and H-rpm = 1000.
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Figure E.20. Emission and flow rate behavior for 1997 Freightliner truck (ID#20).

Note: L-rpm =750 and H-rpm = 1000.
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Figure E.21. Emission and flow rate behavior for 2003 Freightliner truck (ID#21).
Note: L-rpm =700 and H-rpm = 1000.
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Figure E.22. Emission and flow rate behavior for 1999 Freightliner truck (ID#22).
Note: L-rpm =800 and H-rpm = 1000.
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Figure E.23. Emission and flow rate behavior for 2003 Mack truck (I D#23).
Note: L-rpm =800 and H-rpm = 1000.
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Figure E.24. Emission and flow rate behavior for 2000 Mack truck (1D#24).

Note: L-rpm =650 and H-rpm =1000.
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Appendix F

Calibration Datafor ECOM and DataRAM
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TableF.1: Calibration Datafor ECOM Analyzer using EPA Protocol Calibration Gases.

Reference # 88-87025 88-86994 88-87145 88-86967 88-86724
Balance Nitrogen Nitrogen Air Nitrogen Air, CEM Zero Grade
Component CO NO NOx NO NO, SO, CO NOXx SO, CO,% THC H,O O, % N,
Analyzed 100.1 493 90.6 - - 99.5 0.5 0.1 0.1 1 0.1 5 25.5-21.5] Balance
05/27/2004 100 489 91 6 85 100 0 0 0 1.8 - - 18.5 -
07/16/2004 100 501 89 5 84 102 0 0 0 1.8 - - 18.5 -
08/02/2004 100 493 91 2 89 98 0 0 1 1.8 - - 195 -
08/17/2004 101 503 90 6 84 95 0 1 0 1.8 - - 18.6 -
09/09/2004 100 496 89 7 82 98 0 1 0 2.6 - - 175 -
11/15/2004 100 503 89 9 80 100 5 3 0 0.3 - - 20.6 -
11/23/2004 99 506 89 3 86 89 0 1 0 0.3 - - 20.7 -
12/09/2004 101 496 95 1 9% 103 0 1 0 0.3 - - 20.7 -
Average 100.1 498.4 90.4 49 85.5 98.1 0.6 0.9 0.1 13 - - 19.3 -
Stdev 0.64 5.80 2.07 2.70 4.34 4.45 177 0.99 0.35 0.90 - - 1.23 -
%RSD 0.64 1.16 2.29 55.3 5.08 454 - - - - - - - -
Avg % Difference| —, -1.09 0.25 - - 138 - - - - - - - -

from Standard

Note: All unitsarein parts-per-million (ppm) except where the percent (%) sign is shown.
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TableF.2: Gravimetric Calibration Data for DataRAM Analyzer.

Filter Color | Filter Code|  Date Truck ID | Cal Factor | PM,, PM>25 | Total PM T?fﬂ??:ﬂg) 2_3‘?(')? .
NA NA 1 0.152 22 NA NA 211.9 NA
NA NA 23-dun 1 0.148 41 NA NA 260.8 NA
Gray 1A 2Aug 10 3.409 14 038 2.2 155.8 0.64

Black 1B 10 1.710 14 04 18 2145 0.78
Black A 22-Aug 9 1.221 17 05 22 349.8 0.77
Black 2B 23-Aug 10 1.621 2.2 0.4 26 314.8 0.85
Gray 3A 24-Aug 1 3.616 16 06 2.2 4225 0.73
Gray 3B 25-Aug 1 1.126 14 0.7 21 118.0 0.67
Gray 4A 26-Aug 1 1115 34 08 4.2 359.5 0.81
Gray 4B 27-Aug 13 5.028 12 0.4 16 368.5 0.75
Beige 5A 10-Sep 14 5320 05 06 11 361.0 0.45
LtBrown 6A 11-Sep 14 4,391 41 11 52 605.7 0.79
Brown 6B 12-Sep 14 5108 20 09 29 610.2 0.69
Black 58 22-Sep 1 0.465 38 09 4.7 380.8 0.81
Black 7A 06-Nov 15 1232 3.7 03 40 304.8 0.93
Gray 7B 09-Nov 16 1179 15 0.2 17 4418 0.88
L tBrown 8A 10-Nov 17 2.690 06 05 11 4518 0.55
Brown 88 11-Nov 18 2.684 4.1 08 4.9 4518 0.84
Gray oA 12-Nov 19 1713 05 05 10 459.8 0.50
Gray 9B 13-Nov 19 3.230 11 03 14 454.8 0.79
Brown 10A 14-Nov 20 2.077 25 0.1 26 504.7 0.98
Beige 108 16-Nov 21 6.791 08 0.4 12 4518 0.67
Black 1A 17-Nov 2 0.638 6.1 18 7.9 4515 0.77
Gray 118 18-Nov 23 2,539 04 06 10 451.8 0.40
LtBrown 12A 19-Nov 24 3.972 12 04 16 453.0 0.75
Aver age 2.539 Average= 0.729
Stdev 9| 1.802 Stdev=] __0.145

%RSD o] 71.0 %RSD =] __19.¢

n 3 25 n= 23

Notes: Unitsfor PM,5 and total PM are in milligrams(mg).
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Appendix G

DataRAM Sample Filter Spectra
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Figure G.1. Composite spectrum for 1997 Freightliner truck (I D#20).
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Figure G.2. Composite spectrum for 2003 Freightliner truck (ID#21).
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Composite spectrum for 1999 Freightliner truck (1D#22).
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Composite spectrum for 2003 Mack truck (I D#23).
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