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EXECUTIVE SUMMARY

Many areas in Texas, including the Houston-Galveston-Brazoria (HGB) area, face air quality
issues and are in nonattainment of federal ambient air quality standards. In these areas, state and
local transportation agencies seek to implement various strategies to reduce mobile-source (i.e.,
vehicular) emissions (1).

During the previous decade the contribution of heavy-duty diesel vehicles (HDDVs) to overall
mobile source emissions has greatly increased. This increase is due to various factors, including
growing freight volumes resulting in increased HDDV movement and reduced emissions from
light-duty vehicles (LDVs) due to their improved engine technology. This increase in emissions
from HDDVs makes them an important target for programs aimed at reducing emissions.
Previous research has also indicated that certain vehicles identified as “high emitters” (HEs)
contribute disproportionately to the overall HDDV emissions. Identifying HEs and
characterizing their emissions is another aspect that is important for targeted emissions reduction
initiatives.

In this project, the research team studied the emissions characteristics of different classes of
HDDVs operating in the HGB area, with a view of understanding and characterizing their
emissions. This project focused on three classes of HDDVs (referred to as Classes 4, 6, and 8b);
each class has different vehicle weight ratings. The emissions characteristics of potential HEs
were compared against vehicles representative of the general (normal emitting) HDDV fleet.
Additionally, the measured emissions were compared to rates estimated using the MOtor Vehicle
Emission Simulator (MOVES) emissions model to study differences and trends.

Prior to performing emissions testing, the research team searched potential vehicle fleets for the
emissions testing to identify a fleet that is representative of the overall population of HDDVs in
the HGB area. The vehicle fleet belonging to the City of Houston (COH) was identified as the
best candidate and selected to participate in the testing. Among the selected classes of COH
HDDVs, the team identified HEs by conducting opacity testing. Over 90 vehicles in the COH
fleet were screened using opacity testing, and a set of 12 HEs, six from Class 4 and six from
Class 8, were selected for the emission testing.

Using a total of 30HDDVs, which included the 12 HEs, the research team performed both
driving and idling emissions testing. The driving testing was performed by following drive
cycles which were also developed for those vehicles during this study. Due to the nature of
various driving characteristics such as different vehicle speeds, accelerations, and engine loads,
driving testing results were mainly used for comparisons of MOVES estimates. The idling
testing was performed in a simple test condition, which is designed mainly for comparisons
among vehicle classes/types.

In general, it was observed that vehicle emissions vary greatly even within a vehicle class, and
vehicles identified as HEs differed in their emissions characteristics from the randomly-selected
vehicles. For example, the Class 8 vehicles identified as HEs showed differences when
compared to the randomly-selected vehicles; in the case of idling, the HEs consumed 21 percent
more fuel than the randomly selected test vehicles and produced between 24 percent and



87 percent higher levels of pollutants (depending on the pollutant types). Similar results were
observed for the driving emissions as well. Due to limitations of sample size and differences in
test conditions, the usefulness of opacity testing as a means to identify HEs could not be
statistically tested.

The results from this project demonstrate that a viable emissions reduction strategy could be to
screen HE vehicles from the fleet and replace them or install emissions control technologies for
maximizing the emissions reduction and air quality benefits. Larger vehicle fleets, especially
those with older vehicles in the HGB area and other nonattainment (NA) areas, can provide
many opportunities to apply these strategies for regional air quality improvement.



CHAPTER 1: BACKGROUND AND INTRODUCTION

PROJECT NEED

Because the HGB area is an eight-hour ozone NA area, state and local transportation agencies in
the HGB area seek ways that eliminate and/or reduce emissions from various sources including
mobile sources. In order to eliminate and/or reduce emissions effectively, it is important to
know emissions contribution from each component of the source. The relative contribution of
HDDVs to mobile source emissions has grown significantly over the past decade. It is critical to
address this component of the fleet in the HGB eight-county ozone NA area to mitigate
emissions effectively from the component.

Most emissions studies have not incorporated random sampling in their study designs. Also,
they are mostly based on laboratory settings using chassis dynamometer testing and are focused
on gaseous pollutants such as hydrocarbons (HC), carbon monoxide (CO), and oxides of
nitrogen (NOx). That is, most of the studies do not include particulate matter (PM) and mobile
source air toxics (MSAT) into their studies. To the best of their knowledge, the research team
found no study that addresses PM and MSAT as well as gaseous emissions and incorporates real
world testing and random sampling into the study. These components are very important.
Without random sampling, the results can always be biased. Both PM and MSAT have been
identified by the U.S. Environmental Protection Agency (EPA) having a critical effect on health
and must be investigated. In addition, the latest federal regulations require in-use measurement
of emissions (2). This project addresses all of these aspects as well as the component that is
often overlooked—the emissions impact of HEs.

OVERALL GOAL

The main goals of this project were:

To characterize emissions from different classes of HDDVs operating in the HGB area.
To identify HEs and characterize emissions from HEs.

To compare emissions of HEs and non-HE:s.

To compare test results with estimates from MOVES (EPA’s emissions model).

The research team recruited a HDDV fleet in the HGB area, which operated in the HGB area,
and performed emissions testing on the vehicles, including targeted HEs. The test results were
processed, compared, and analyzed to determine the overall impact of different classes of
HDDVs and HEs, how to identify the HEs, how the obtained results compare to the estimated
emissions rates from the MOVES model, and the potential benefits if HEs are replaced with
normal emitting vehicles in the HGB area.



HGB AIR QUALITY STATUS AND MITIGATION STRATEGIES

Air Quality Status

For this study, the HGB area was selected because its status is designated as severe
nonattainment for ground-level ozone under the eight-hour ozone standard (3). The information
gathered on HDDV emissions in this area can be applicable to other areas in Texas. Counties
affected in the HGB area are Brazoria, Chambers, Fort Bend, Galveston, Harris, Liberty,
Montgomery, and Waller. Meeting the ozone standard is especially challenging for the HGB
region due to its unique meteorological conditions, complex ozone formation chemistry, and the
magnitude of reductions required. Control strategies mentioned in the State Implementation Plan
(SIP) include Federal On-Road Measures, Vehicle Inspection/ Maintenance (I/M), Speed Limit
Reduction, Cleaner Diesel, Voluntary Mobile Emission Reduction Programs (VMEP), and
Transportation Control Measures (4). Some of the measures under VMEP are vehicle scrappage
and smoking vehicle programs. The results contained in this report make it possible to quantify
the benefits of actions taken under these programs.

Figure 1 is based on the Texas Transportation Institute’s (TTI’s) conformity determination work
for Harris County. It illustrates that even though HDDVs (especially Class 8b HDDVs) have far
fewer vehicle miles of travel (VMT) than light duty gas vehicles (LDGVs), their contribution to
NOx emissions are by far the greatest. In the case of mobile source PM emissions, by far the
majority is caused by HDDVs (5).
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Figure 1. Total VMT and NOx Emissions for Selected
Vehicle Classes in Harris County.



Mitigation Strategies

Texas has a financial assistance and incentive program for qualified owners of gasoline-powered
vehicles that fail the emissions test or are at least 10 years old. However, diesel-powered vehicles
are exempt (4). The vehicle scrappage (repair and replacement) program is officially called
AirCheckTexas Drive a Clean Machine and applies only in participating counties in areas of
Texas that have vehicle I/M programs, e.g., in the eight counties in the HGB area. The program
is income-based, with a monetary assistance of $3,000 for cars or trucks and $3,500 for hybrids.
The replacement vehicle must meet certain criteria, including being a 2008 or newer model year

(6).

The Houston-Galveston Area Council (HGAC) Clean Cities/Clean Vehicles program conducted
a review of cost and effectiveness of the federal Congestion Mitigation Air Quality (CMAQ)
program and determined that the most cost effective use of funds for emissions reductions is to
target heavy-duty vehicles (7). However, only one program, the Emission Reduction Incentive
Grants (ERIG), has been found to target HDDVs. ERIG is part of the Texas Commission on
Environmental Quality’s (TCEQ) Texas Emissions Reduction Plan (TERP) program and makes
grants available to public or private owners of on-road heavy-duty vehicles, construction
equipment, marine vessels, locomotives, and stationary equipment in NA areas that wish to
upgrade or replace them with newer, cleaner units. The grants offset the incremental costs
associated with reducing emissions of NOx from high emitting internal combustion engines (8).
The program has resulted in over 1000 diesel engine and/or vehicle replacements and is a
potential source for vehicle recruitment.

Mobile Source Air Toxics

HDDYV emissions also include an array of known or suspected carcinogenic compounds, known
collectively as MSAT. MSAT have become increasingly important in recent years as states and
air quality districts are now required to address them along with other criteria pollutants. The
typical emissions control strategies (tailpipe emissions control, reformulated gasoline, ultra-low
sulfur diesel [ULSD]), that target primary pollutants such as NOx also help control air toxic
emissions. The EPA has identified 21 toxics, and MOVES provides the option for calculating
four major air toxic compounds: benzene; 1,3-butadiene; formaldehyde; and acetaldehyde (9).
Figure 2 shows a subset of the 21 MSAT compounds identified by EPA and the relationship
between the compounds in the subset. The study focused on measuring aldehydes,
formaldehyde, and acetaldehyde.
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Figure 2. Relationship between MSAT and Diesel-Related Compounds.

TCEQ has recognized the potentially detrimental effect of air toxics on human health and in
collaboration with EPA has commissioned the Houston Exposure to Air Toxics Study (HEATS)
that aims to better understand Houston residents’ daily exposure to air toxics. This study
examines whether the exposure rates differ from ambient monitoring data and investigates the
potential health risks and possible risk reduction strategies (10).

MOVES

One of the goals of this project was to compare the emissions rates measured in this project with
those used in MOVES. 1t is important to understand how this model has been developed because
the study design and the development of the duty cycles are dependent upon the model selected
for comparison. The following section provides brief descriptions of the MOVES model.

Prior to MOVES, MOBILES6.2 was the EPA-approved model for all regional emissions analyses,
with the exception of California, for ozone precursors (Volatile Organic Compounds [VOC] and
NOx), CO, and PM (11). In response to the demand for an emissions estimation tool that can
accommodate finer-scale analysis than regional-level (currently in MOBILE®G), the EPA has
developed a new model, MOVES (12). Unlike the aggregate approach used for the MOBILE6.2
model, MOVES utilizes a disaggregate measure called Vehicle Specific Power (VSP), which is a
combined measure of instantaneous speed, acceleration, road grade, and road load. The
emissions associated with any given driving pattern are modeled based on distribution of time
spent in VSP bins and speeds. In addition to exhaust emissions, MOVES provides estimates of
start, brake wear, tire wear, and extended idling emissions.

Drive cycles representing typical operations at different average speeds for each vehicle type
operating on a road are used to translate average speed information into VSP distributions. VSP
is calculated on a second-by-second basis for vehicle operations over these drive cycles.
MOVES then estimates running exhaust emissions and energy consumption based on the total



hours of operations in its 33 operating (VSP) mode bins; each bin represents a range of vehicle
speeds and VSP.

MOVES estimates energy consumption and mass emissions of pollutants. Energy consumption
estimated by MOVES includes total energy consumption, fossil fuel energy consumption, and
petroleum fuel energy consumption. The mass emissions, which can be estimated by MOVES,
are total gaseous hydrocarbons (THC), CO, NOx, PM (including PM from fuel sulfur, tire wear,
and brake wear), methane (CHj), nitrous oxide (N,O), carbon dioxide (CO,), and the “CO;-
equivalent” greenhouse gas emissions of CO, combined with N,O and CHa.

Despite the structural flexibility of the MOVES model, which enables users to model different
driving patterns, the EPA released the model with only national average driving patterns
incorporated, which are mostly the same driving cycles used for the MOBILEG6.2 model. To take
full advantage of the MOVES features, the users must provide local driving patterns as well as
other local input. Currently, the MOVES model contains no local values. It includes only
national average values. For this project, the research team used driving pattern information
collected during the data collection and testing.

The VSP structure in the MOVES model provides for the flexibility required in this study.
Instead of using rigid drive cycles, a set of drive patterns can be utilized to capture emissions
during different vehicle operational conditions. The drive patterns developed for this study
contain different steady-state (cruise speed), acceleration and deceleration rates, and various
idling modes. This made it possible to compare the results from this study directly with existing
MOVES rates and provided data that can potentially be used as local default values for the HGB
area and Texas.






CHAPTER 2: PROJECT APPROACH AND TEST PROTOCOL

OVERALL APPROACH

The overall approach for this research project involved the execution of seven tasks over a three-
year period. Figure 3 shows a flow diagram of the project and how the various tasks will fit
together. The overall approach was mainly to:
e Develop test protocol.
Select a fleet.
Screen HEs.
Select test vehicles (HEs and randomly-selected HDDVs).
Develop drive cycle with conducting GPS data collection.
Perform testing (both driving and idling testing).
Analyze test data and compare test data with MOVES estimates.

For this project, a three-year duration was necessary to allow enough time to test an adequate
number of HDDVs (Class 4, 6, and 8) and to provide an opportunity to use the knowledge gained
during the first year to make the second and third year’s testing even more effective in terms of
test methodology and protocols to be followed.
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Figure 3. Task Flow Chart.
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The project was conducted in two phases. Phase 1 was executed during years one and two and
Phase 2 during years two and three. Phase 1 involved background research, development of the
detailed test protocols, performing screening testing, and selection of the high emitting vehicles.
Phase 2 of the project involved the testing of both high emitting vehicles and random class 8
vehicles from model years (MYs) 2003 and 2006 HDDVs. A total of 30 vehicles were selected
for testing, including 12 random samples from MY's 2003 and 2006, and six vehicles from each
category, which were selected due to results obtained during the screening process. More details
for vehicle selection are described in the next chapter.

All testing of the vehicles was conducted at TTI’s Environmental and Emissions Research
Facility (EERF) and runway facilities, located at Texas A&M’s Riverside campus. Each vehicle
arrived at the EERF one day prior to testing to be outfitted with all the necessary test equipment.
Figure 4 shows one of the class 4 vehicles with instruments ready for testing.

Figure 4. Class 4 Vehicle Instrumented for Testing.

For each vehicle, driving testing was conducted first, then, idling testing followed. The drive
cycle chosen for the driving testing is described in the following section in detail. During the
driving testing, the chamber was prepared for the idling testing. The idling testing condition was
chosen to represent a typical weather condition that the vehicle would see during the year in the
HGB area. The selected condition for the idling testing was 86°F with 60 percent relative
humidity (RH). Once the driving testing was completed, the test vehicle was brought inside the
test chamber and allowed to idle for approximately one hour. During the idling testing, PM filter
and MSAT cartridge samples were taken in addition to the emissions measurements with using
portable emissions measurement system (PEMS). Each sample was collected for 30 minutes.
Each sample was controlled by separate pumps, one for the cartridge and one for the filter
sample. These pumps assured that an accurate reading of the volume of each sample was taken.
After the idling testing was complete the testing equipment was removed from the vehicle and

the next vehicle was prepared for the next testing. This testing procedure was followed to test all
of the 30 vehicles.
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DRIVE CYCLE DEVELOPMENT

Using a drive cycle rather than just collecting data on a normal workday operation (i.e., when the
vehicle is in use) has two main advantages. First, use of drive cycles enables tests to be repeated,
which improves the quality of the data. Second, drive cycles can incorporate more operation
modes (2), even the high-emissions events that may not typically occur. For example, if data
were to be collected during a normal workday, then data reflecting high engine loads would not
be adequately collected. For this study, a typical drive cycle is augmented with a high
acceleration at high speed portion where vehicles are forced to work at maximum load. This
enables collection of data for such high-emissions events.

In order to develop simplified and repeatable drive cycles that also could be used for all possible
operation conditions of the tested vehicles, the research team conducted search of published and
unpublished materials using personal contacts, databases such as the Transportation Research
Board’s TRIS database, TxDOT and TTI libraries, EPA and California Air Resources Board
(CARB) databases, and general web searches to obtain information on diesel-powered non-road
equipment. The research team then concluded that two different types of drive cycles would be
needed for this study: test drive cycles and analysis drive cycles. Test drive cycles were used for
collecting emissions data based on EPA MOVES’ general modeling framework. A MOVES-
based approach was found to be more suitable for PEMS testing and was therefore used for this
study.

After the researchers analyzed the emissions data and determined the emission rates, a series of
analysis drive cycles were needed to determine the emissions impact of a vehicle class. These
drive cycles were speed profiles of the real-world operation of the target vehicles collected using
global positioning system (GPS) devices. After selecting vehicles to be tested, the research team
collected GPS data regarding the operational characteristics of the selected vehicles. These data
were then used to determine the distance-based emissions rates and overall emissions of the
selected vehicle classes.

The research team used a series of drive cycles for driving testing. All test runs for each vehicle
from the same vehicle class followed the same set of drive cycles. Each vehicle was tested
repeatedly following the drive cycles at least 3 times (up to 10 times). For this study, a typical
drive cycle is augmented with a high acceleration at high speed portion where vehicles are forced
to work at maximum load. This enables collection of data for such high-emissions events.

Drive Cycles for Emissions Testing

This project utilized some of the concepts and methodologies used in the EPA’s MOVES model
to analyze emissions data. The MOVES model has been recently released and will officially
replace EPA’s MOBILE 6.2 model for air quality planning, emissions inventories, and
regulatory efforts in 2012. By using the MOVES methodology framework to analyze data, this
project was able to analyze the operational characteristics of emissions data according to an
established analysis protocol. The local data needs for MOVES are also significant, and the
results from this study can be used to enhance localized inputs into the MOVES model for the
HGB area.
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The MOVES model characterizes in-use emissions by using second-by-second emissions rates
that account for a vehicle’s operating modes. This enables the model to provide a finer scale of
analysis at a local level than that provided by the MOBILE6.2 model. MOVES incorporates
VSP to capture modal emissions. EPA defines VSP as “power per unit mass of the source” and
is characterized in the VSP equation below (13, 14). VSP accounts for the forces a vehicle must
overcome when operating on the road, including acceleration, road grade, tire rolling resistance,
and aerodynamic drag. For example, fast accelerations or driving up a steep hill would have a
higher VSP bin rather than coasting downhill.

Equation 1: VSP Calculation
Axu+Bxu>+Cxu’+M xuxa

VSP =
M
where:
A A rolling resistance term
u = Instantaneous speed of vehicle
B = Rotating resistance term
C = Dragterm
M = The vehicle’s mass
a = Instantaneous acceleration of vehicle

VSP is normalized by mass, and then operating mode bins are determined from VSP and
instantaneous speed. There are 23 operating bins for running emissions (i.e., when vehicles are
moving or idling at hot-stabilized conditions). Table 1 shows the MOVES’ operating mode bins.
A vehicle operating over a drive cycle spends different times in different bins depending on the
operation.

Table 1. MOVES Operating Mode Bin Definitions
for Running Emissions.

Braking (Bin 0)
Idle (Bin 1)
Instantaneous Speed (mph)

Instantaneous VSP
(KW/tonne) 0-25 25-50 > 50
<0 Bin 11 Bin 21
Oto3 Bin 12 | Bin22
3to6 Bin 13 Bin 23
6to9 Bin 14 | Bin24
9 to 12 Bin 15 Bin 25
12 and greater Bin 16
12 to 18 Bin 27 | Bin 37
18 to 24 Bin 28 | Bin 38
24 to 30 Bin29 | Bin 39
30 and greater Bin 30 | Bin40
6 to 12 Bin 35
<6 Bin 33
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The VSP-based approach provides the flexibility required at meso- and micro-scales of analysis
(15). MOVES’ disaggregated methodology is expected to estimate emissions more precisely
based on available local activity data. This approach is a better fit for incorporating second-by-
second operational data provided by in-use emissions testing.

As expressed by the VSP equation above, the VSP of a specific vehicle is a function of
instantaneous speed and acceleration. The impact of road grade is modeled as the effective
gravitational acceleration in parallel to a vehicle’s moving direction and therefore is added to
vehicle acceleration. This means that bins corresponding to high-VSP values can be achieved by
either driving at high acceleration rates or accelerating on high-grade roads.

To obtain enough observations in each modal bin, the driving events must contain different
steady state (cruise speed) conditions as well as different levels of acceleration and deceleration
rates. Note that unlike laboratory testing, having pre-specified second-by-second driving tracks
for on-road data collection is impractical; however, a series of specific driving events that follow
pre-defined patterns can easily cover a broad-range of vehicle operating modes. Younglove et al.
suggested building such driving events for on-road emissions testing (16).

After careful examination of the EPA’s MOVES model modal bins (Table 1) and the testing area
(the runway facilities in Bryan, TX), the research team designed a set of driving events that
consisted of the following elements:
e Maximum acceleration to 3 different speed levels: low (15 mph), medium (40 mph), and
high (minimum 60 but not higher than 70 mph) in steps; driving for at least 5 seconds
after achieving each speed level.

e Slow acceleration to the high speed (as defined above) and maintain the speed for at least
5 seconds.

e Normal acceleration to the high speed (as defined above) and maintain the speed for at
least 5 seconds.

The flexible structure of the above drive cycles enabled the research team to make necessary
changes to the way the drive cycles were executed while retaining the core elements. For
example, if the available track length was limited, the maximum acceleration element was
broken into two sections with one section containing acceleration to 15 mph and the other
section covering the other speeds. These basic drive cycle elements were applied to all three
classes of test vehicles with few modifications in execution based on the circumstances in the
field.

Test vehicles repeated each event on a level road/track for a minimum 3 (up to 10) repetitions. A
period of at least 10 seconds of idling was included in between each run to allow the engine to
stabilize to unloaded conditions and, therefore, to minimize any possible effects from the
previous run. A normal deceleration was considered for all events.
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Drive Cycles for Emissions Analysis

The GPS data were collected using City of Houston’s vehicles in February and March 2010. The
research team collected the GPS data for two days for each vehicle. Vehicles selected for testing
had GPS units installed in the morning before they left the shop for their daily work. After
returning to the shop in the evening, the GPS units remained on the vehicles overnight and were
kept until the completion of a second day’s work. The GPS units were removed on the vehicles’
return to the shop. Thus GPS data for two full days were collected for each vehicle. A total of 18
vehicles were selected for the GPS data collection. Table 2 summarizes the number of vehicles
in each class used for the GPS data collection.

Table 2. Summary of Vehicles in GPS Data Collection.

Vehicle Class Number of Vehicles Tested
HDDV 4 5
HDDV 6 5
HDDV 8 8

Figure 5 shows an example of daily speed profiles. The speed profile corresponds to a single
day’s operation of a HDDV 8§ vehicle. The research team developed similar profiles for the other
vehicle classes. The collected speed profile data were used to determine the distance-based
emissions rates and to characterize the overall emissions of the selected vehicle classes in the
study area as well as to make comparisons with MOVES outputs. Figure 5 and Figure 6
demonstrate this process graphically.
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Figure 5. Sample Daily Speed Profile for a HDDV 8 Vehicle.
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Figure 6. Using Real-World GPS Data for Emissions Analysis.

TEST FACILITIES AND EQUIPMENT

TTI Environmental and Emissions Research Facility

All the testing for this project was conducted at TTI’s EERF. The EEREF is a test facility
containing climate controlled test chamber located at Texas A&M University’s (TAMU’s)
Riverside campus. The environmentally-controlled test chamber has dimensions of 75x23x22
feet. The chamber is the largest vehicle test chamber in the nation, capable of producing a
temperature range of —40°C to 55°C. The chamber also has humidity controls capable of having
a RH of 70 percent at 40°C. Other equipment inside the chamber includes a solar light array to
simulate sunlight and a wind simulator capable of producing wind speeds of up to 25 MPH. In
addition to conducting the idle testing inside the test chamber the driving testing was conducted
on the runways adjacent to the facility. The TAMU Riverside campus includes a set of runways.
The runways allow for all the driving conditions required for the proposed drive cycles. Figure 7
shows one of the Class 6 vehicles being tested inside the EERF chamber.

16



Figure 7. City of Houston Vehicle inside EERF Chamber.

Test Equipment

The EPA rule (1), “In-Use Testing Program for Heavy-Duty Diesel Engines and Vehicles,”
governs the way that PEMS testing must be performed. For this rule, the EPA’s emissions
testing procedure 40 CFR Part 1065 describes the PEMS testing procedure for gaseous sampling
including NOx, CO, HC, CO; in a high level of detail and specifies the instruments required for
these tests; for example, a flame ionization detector (FID) needs to be used to measure HC
emissions. Also, it specifies that a flow meter must meet certain specifications in order to be
used for measuring exhaust flow. TTI’s PEMS equipment complies with all the specifications of
the EPA rules. For MSAT and PM, however, no official PEMS testing procedure has been
approved by the EPA yet.

The research team used two PEMS simultaneously during the driving testing—one to collect
gaseous emissions NOx, HC, CO, and CO, and the other one to collect PM emissions. TTI’s
SEMTECH-DS unit was used along with TTI’s electronic vehicle exhaust flow meters (EFMs)
for the gaseous emissions. TTI’s Axion was used to measure PM emissions. For DPM and other
toxics characterization, the research team collected integrated samples from dilution systems
while the HDDVs performed their idling testing. In addition, PM mass was monitored using a
continuous PM mass monitor (Dekati Mass Monitor, DMM) during the idling tests. TTI’s micro
dilution sampling system (MSS) was used to collect both filter and cartridge samples of the
vehicles during the idling tests. Collected filter and cartridge samples were sent to Oak Ridge
National Laboratory for PM and MSAT analysis. The following is a brief description of the
PEMS, MSS, and DMM.

SEMTECH-DS

The SEMTECH-DS system includes a set of gas analyzers, an engine diagnostic scanner, a GPS,
an EFM, and embedded software. The gas analyzers measure the concentrations of NOx (NO
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and NO,), HC, CO, CO,, and oxygen (O;) in the vehicle exhaust. The SEMTECH-DS uses the
Garmin International, Inc. GPS receiver model GPS 16 HVS to track the route, elevation, and
ground speed of the vehicle on a second-by-second basis. TTI’s SEMTECH-DS uses the
SEMTECH EFM to measure the vehicle exhaust flow. Its post-processor application software
uses this exhaust mass flow information to calculate exhaust mass emissions for all measured
exhaust gases. Figure 8 shows a picture of the SEMTECH-DS and EFM installed on a test
vehicle prior to driving testing.

L , | i) Y
Figure 8. SEMTECH EFM Installed on Test Vehicle (Left)
and SEMTECH-DS (Right).

Axion

The PEMS used to collect PM was an Axion system manufactured by Clean Air Technologies
International, Inc. The Axion system consists of gas analyzers, a PM measurement system, an
engine diagnostic scanner, a GPS, and an on-board computer. For this study only the PM
measurement system was used. The PM measurement capability includes a laser light scattering
detector and a sample conditioning system. The PM concentrations are converted to PM mass
emissions using concentration rates measured by the Axion and the exhaust flow rates collected
by the SEMTECH EFM. Figure 9 shows a picture of the Axion system along with the
SEMTECH-DS installed on a test vehicle prior to testing.
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Figure 9. CATI Axion System along with the SEMTECH-DS
Installed on Test Vehicle prior to Testing.

Microdilution Sampling System

PM and other MSAT will be sampled using a MSS similar to the one used in previous TTI
studies on idling trucks (17, 18). The exhaust was transferred through a heated line to the
microdilution tunnel from a probe in the outlet of the SEMTECH EFM. For each idle condition,
PM and other toxics were collected on filters and in a Solid Phase Extraction (SPE) cartridge.
The exposed filters and cartridges were then sent to Oak Ridge National Laboratory for analysis.
Also, PM mass was monitored continuously by using a DMM from the diluted exhaust. To
determine dilution ratio, NOx measurements were made for both the raw and diluted exhaust.
Figure 10 shows a picture of TTI’s MSS.
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Figure 10. Microdilution Sampling System.

Dekati Mass Monitor

The DMM 230-A is a real time measuring device for particulate matter for automotive testing.
The DMM can be used for both gasoline and diesel engines. The DMM provides second-by-
second analysis of the PM concentrations from the vehicle exhaust, providing both total mass
measurements and the size of the particles, from 0—1.5 um. The DMM was used in conjunction
with the MSS to measure the diluted exhaust directly out of the engine. Figure 11 shows TTI’s
DMM system.

Figure 11. Dekati Mass Monitor.
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CHAPTER 3: TEST VEHICLE SELECTION

It is well known that HDDVs, of which gross vehicle weight rating (GVWR)s are over 8500 Ib,
emit higher amounts of PM and NOx compared to their gasoline-powered counterparts.
According to the latest estimations of the California Air Resources Board (CARB), HDDVs are
responsible for 40 percent of NOx and 32 percent of PM emitted by diesel mobile sources in the
state of California (19).

TARGET VEHICLES

Among HDDVs, Classes 4, 6, and 8 of MYs 2003 and 2006 were of special interest to TxDOT
and were selected for testing under this project because they were highly prevalent groups and
have the highest potential to provide a representative sample of the HDDV population to indicate
real-world HDDV emissions levels. HDDYV registration data for the eight-county HGB area,
provided by TxDOT as of 7/31/09, showed that there were a total of 67,822 HDDVs, and more
than 20 percent of HDDVs (14,668) belong to these three classes and with MY's 2003 and 2006.
Table 3 shows a statistical overview of the registration data for the HGB area.

Table 3. HGB Area — Select HDDYV Classes.

EPA Vehicle Class*

¥££? Registration Statistics HDDV4 | HDDV6 Hgg v
(3981) | (8284) (2403)

2006 Number 441 727 308
(7555) % of MY Registrations 5.84% 9.62% 4.08%
% of Vehicle Class registrations 11.08% | 8.78% 12.82%

2003 Number 248 364 131
(3799) % of MY Registrations 6.53% 9.58% 3.45%
% of Vehicle Class registrations 6.23% 4.39% 5.45%

* Classification Totals in ()

HEs

Because HEs contribute disproportionately to overall HDDV emissions, as stated and shown in
Chapter 1, HEs were also selected to provide their emissions impacts. A quantitative definition
of an HE has not been established, so the term “HE” is employed qualitatively. The current EPA
PM emission standard for MY 2007 or newer heavy-duty diesel engines is 0.01 g/bhp-hr, and, for
MY 1994-2006, it is 0.1 g/bhp-hr (20). Today, a high PM emitter is considered to be any vehicle
that emits 2.5 times or greater PM than the current regulatory standard. Numerous studies have
found that, on average, those with visible smoke emit as much as 10 times or more PM than
standard non-smoking vehicles (21). A more thorough discussion of the process used for
selecting the HEs for testing in this project is shown in the following section.
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VEHICLE SELECTION PROCESS

Fleet Selection

The research team began its search for a fleet of vehicles to be tested. Finding an available fleet
of HDDVs turned out to be a difficult and time consuming task. The research team examined
many different options to recruit a test fleet. The options included:
e A large fleet of vehicles owned by one group that could provide all necessary vehicles for
testing.
e Renting vehicles one at a time from multiple vendors.
e Testing vehicles that were replaced via the Congestion Mitigation Air Quality program.

The research team checked more than a dozen possible sources of high emitting vehicles. After
examining the available options and discussing with TxDOT, the research team determined that
the best source was the City of Houston fleet. In order to utilize the COH fleet, it was necessary
that TTI would obtain a legal agreement (or contract) from COH. Once the contract was
finalized the research team was given access to the COH fleet vehicles as well as COH drivers.
Under the agreement the COH provided the research team access to their fleet for opacity
measurement and GPS data collection. Furthermore, selected vehicles were available for
emissions testing at the EERF in Bryan. COH fleet drivers delivered each of the selected
vehicles to the EERF and operated them during the emissions testing.

HESs Selection

The process of selecting the HEs began with opacity testing of potential candidates. Opacity
testing is a measurement of the amount of light that cannot pass through the vehicle exhaust,
expressed as a percentage. The opacity reading is an indication of the amount of emissions from
a vehicle; the higher the opacity the higher the expected exhausts emissions. The equipment
used for opacity testing was a Wager 7500 smoke meter. The smoke meter is in compliance with
the instrument specification in Society of Automotive Engineers (SAE) J1667 test procedure
(22).

SAE J1667, Snap Acceleration Smoke Test Procedure for Heavy-Duty Diesel Powered Vehicles,
is the standard that covers exhaust smoke measurements. The SAE J1667 standard outlines the
procedures for conducting snap acceleration smoke testing on HDDVs. The research team
followed the procedures to obtain opacity readings of candidate vehicles for selecting potential
HEs for further emissions testing. According to the procedure a snap acceleration test is
performed in four steps.

1. The vehicle operator throttles the vehicles to the fully open position as quickly as
possible.

2. This position is maintained by the operator until the engine reaches its fill governed speed,
plus approximately 4 seconds.

3. After this time the throttle is released and the engine is allowed to return to a low idle
condition.
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4. After the engine reaches the low idle condition it must be left in that condition for a
minimum of 5 and maximum of 45 seconds before another snap acceleration test cycle is
conducted.

More details of the test can be obtained from the SAEJ1667.

The opacity screening tests were conducted between December 4, 2009, and January 26, 2010.
Tests were conducted by Texas Southern University (TSU) with guidance from TTI. For each
round of tests the TSU team traveled to a COH facility and performed opacity tests on multiple
vehicles. The team conducted screen tests of 91 vehicles across 7 classes in 8 rounds of tests.
Figure 12 shows pictures taken while the team was conducting screening tests of Class 6 vehicles
from the COH fleet.

Figure 12. Pictures of Opacity Testing on COH Fleet Vehicles.

After the opacity screening tests were complete, the research team used the collected opacity
data to select HEs. It should be noted that the original plan to test Class 2b vehicles in the COH
fleet was modified to test Class 4 vehicles instead because the number of available Class 2b
vehicles was too small and the Class 4 trucks in the COH fleet have the same engine as Class 2b
trucks. The only differences between Classes 2b and 4 trucks were in the suspension, axle, and
frame length. Consequently, there was almost no expected difference in terms of emissions
between the Class 4 and Class 2b vehicles. The similarity of engine and emissions classification
is also acknowledged by EPA as all the diesel pickup trucks (both Classes 2b and 4) fall into the
same source type (32, light commercial trucks) in EPA’s newest emissions model, MOVES (22).

From the screening tests, the research team found that all of the opacity readings of Class 6
vehicles were very low. The highest opacity reading was 17 percent, which was lower than those
of vehicles in other classes that were considered as HEs; the average was 14 percent. Based on
the test results, the research team decided to classify the tested Class 6 vehicles as normal
emitting vehicles not HEs.

After analyzing all of the collected opacity reading data the team determined that the top 6

opacity readings for vehicles in Classes 4, 6, and 8b would be used for in-use emissions testing.
Table 4 shows the vehicle information and opacity results from the selected vehicles. Figure 13
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also demonstrates the cumulative distribution of the observed opacity reading for the three
selected vehicle classes.

Table 4. Selected Vehicles Opacity Results.

Class 4 Class 6 Class 8b
Opacity Opacity Opacity
MY - Make | Reading | MY - Make Reading | MY - Make Reading
(%) (%) (%)
1999 Chevy 72 1993 Chevy 17 1995 Ford 40
1999 Chevy 64 2001 International 17 2003 Sterling 29
1999 Chevy 54 2000 International 13 1993 Ford 24
1994 Chevy 43 2001 International 12 1994 Ford 24
1999 Chevy 35 2000 Volvo 12 1996 Ford 22
1999 Chevy 32 1999 International 11 2003 Sterling 20
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Figure 13. Cumulative Frequencies of Opacity Readings.

In addition to the 18 vehicles, the 12 non-HE Class 8 vehicles of MYs 2003 and 2006 were also
selected randomly from the COH fleet for the emissions testing. That is, for the emissions
testing, a total of 30 vehicles were selected—18 vehicles by opacity tests and 12 vehicles by
random selection. The emissions testing with the selected vehicles began on April 27, 2010.
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CHAPTER 4: TESTING RESULTS AND ANALYSES

Emissions testing results were measured in two different parts of testing: driving testing and
idling testing. During the driving testing, test vehicles followed the developed drive cycles on
runways adjacent to the EERF. Using two PEMS, gaseous and PM emissions were measured
during the driving testing with various driving conditions, that is, different speeds, accelerations,
and engine loads. Idling testing was conducted inside EERF at one test condition (86°F with

60 percent RH) at one low engine speed. In addition to gaseous and PM PEMS measurements,
PM and MSAT samples and PM mass monitoring were also taken during the idling testing as
described in Chapter 2. Due to the different nature of driving testing (various driving condition)
and idling testing (only one idling condition), results of each testing were analyzed differently
and reported in different subsections below. However, both testing results contain comparisons
between classes, vehicles, and measured vs. MOVES estimates, respectively.

In addition, based on both driving and idling testing results, possible emissions benefits by
replacing HEs were discussed in the subsection, “Emissions Reduction Analysis Benefit.” Also,
relationships of different PM measurement methodologies, which can be used to identify HEs,
are discussed in the last subsection.

During this project, 30 vehicles were tested in the 4 different categories: Class 8 randomly
selected vehicles, Class 8 HEs, Class 6 vehicles, and Class 4 HEs. Table 5 through Table 8 show
details for each vehicle that was tested, including make, MY, and mileage at the beginning of
testing.

Table 5. Tested Class 8 HEs.

Class 8 HEs Vehicle Information
Unit Number | COH Vehicle Number | Make | Model Year Beginning Mileage
8H-1 21021 Ford 1993 NA (had been replaced)
8H-2 21832 Ford 1994 152,494
8H-3 23718 Ford 1995 35,222
8H-4 25092 Ford 1996 127,395
8H-5 33315 Sterling 2003 53,602
8H-6 33309 Sterling 2003 96,088
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Table 6. Tested Class 8 Randomly Selected Vehicles.

Class 8 Randomly Selected Vehicle Information
Unit Number | COH Vehicle Number | Make | Model Year | Beginning Mileage
8-1 33405 Sterling 2003 66,567
8-2 33907 Peterbilt 2003 37,856
8-3 33903 Peterbilt 2003 93,493
8-4 33400 Peterbilt 2003 65,055
8-5 33404 Peterbilt 2003 68,045
8-6 33905 Peterbilt 2003 80,455
8-7 33406 Peterbilt 2003 69,565
8-8 33906 Peterbilt 2003 92,077
8-9 33403 Peterbilt 2003 82,362
8-10 33980 Peterbilt 2006 101,656
8-11 33988 Peterbilt 2006 60,233
8-12 33989 Peterbilt 2006 53,444

Table 7. Tested Class 6 Vehicles.

Class 6 Vehicle Information
Unit Number | COH Vehicle Number Make Model Year | Beginning Mileage
6-1 21907 Chevy 1994 99,595
6-2 29332 International 1999 68,221
6-3 30624 International 2000 47,299
6-4 30424 International 2000 48,864
6-5 30625 International 2001 66,540
6-6 31514 Volvo 2002 90,483
Table 8. Tested Class 4 Vehicles.
Class 4 HEs Vehicle Information
Unit Number | COH Vehicle Number | Make | Model Year | Beginning Mileage

4H-1 23497 Chevy 1994 114,093

4H-2 29408 Chevy 1999 108,543

4H-3 29540 Chevy 1999 68,087

4H-4 29417 Chevy 1999 100,332

4H-5 29497 Chevy 1999 80,315

4H-6 29415 Chevy 1999 118,483

DRIVING TESTING RESULTS

During the driving testing, second-by-second PEMS data included the following information:
e Engine parameters (if recorded), from the on-board diagnostic system, such as engine
speed, throttle position, and engine load for data quality checking.
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e Second-by-second vehicle speed from the GPS in mph.
¢ Emissions mass rates in grams per second (g/s).

The collected second-by-second emissions data were carefully aligned with the collected
instantaneous speeds obtained from the GPS data and the engine parameters. For the driving
emissions analysis, a linear smoothing was applied to speed data to cancel out noise and fine-
scale changes due to GPS accuracy limitations and other factors. The VSP value corresponding
to each instance was calculated based on the equation on page 13 utilizing MOVES2010a default
parameter values. Table 9 lists the values of parameters A, B, and C used for VSP calculations
for each vehicle class. These values were obtained from the MOVES source database.

Table 9. MOVES’ Vehicle Parameters Values.

MOVES Vehicle Type Rolling | Rotating| Drag Vl\e/ll;lscsle
(MOBILE Vehicle Class) Term A | Term B | Term C
(tonne)

Combination
Short-Haul Truck |1YP¢ 61 (HDDV 8) 1.96354 0 0.00403054| 29.3275
Single Unit Short-
Haul Trucks Type 52 (HDDV 6) 0.56193 0 0.001603 7.64159
If;gul:tkgommerml Type 32 (HDDYV 4) 0.235008 | 0.003039 | 0.000748 2.05979

The second-by-second emissions rates were then grouped into operating mode bins according to
Table 1. Modal average emissions rates (average emissions rates for each operating bin) for all
the pollutants were then estimated for each bin using all the observations that fall into that modal
bin. Not all the bins had enough data to determine their corresponding emissions rates. This is
usually the case for high-VSP bins for types 52 and 61 vehicles (i.e., Classes 6 and 8 vehicles,
respectively), which barely occur during the normal operation of these vehicle classes. For these
bins, it was assumed that their emissions rates were equal to the bins that had immediate lower
VSP limits in the same speed category. For example, if emissions rates were missing for bin 16,
emissions rates of bin 15 were used instead. It was determined that the errors introduced by
applying this assumption was minimal because the number of high VSP bins that had a few data
during the normal operation were very small compared to lower VSP bins that had a plenty of
data during the normal operation.

Modal Emissions

Figure 14, Figure 15, and Figure 16 show the average measured (or observed) and MOVES-
estimated emissions rates of all operating modes for a sample vehicle from each vehicle class.
Due to an unidentified malfunction of PEMS, emissions data for one of the potential Class 8 HE
vehicles (8H-6) could not be validated, so that its data are not reported. As Figure 14 shows,
there were no observed data for higher VSP bins, which corresponded to higher engine loads,
and therefore they are assumed to be equal to their previous bins in comparison analysis with
MOVES estimates. The results for the other vehicles were qualitatively similar, so that they are
not presented in this report.
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Figure 14. Average Modal Emission Rates for Vehicle 8H-2 (21832).
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Figure 15. Average Modal Emission Rates for Vehicle 6-2 (29332).
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Figure 16. Average Modal Emission Rates for Vehicle 4H-4 (29417).

The emissions rates shown in Figure 14 through Figure 16 also indicate that the modal emissions
rates generally increase as the VSP value increases. Exceptions to this trend were found in bins
having fewer observations compared to their lower VSP bins having more observations.
However, the impact of this issue on the overall emissions results is minimal because very few
instances of these high VSP bins occur during normal operations of these vehicle classes.

CO, and NOx emissions rates show a consistent trend—higher VSP bins have higher emissions
rates. CO, formation directly results from engine combustion and therefore is a strong indicator
of fuel consumption. Combustion temperature is the main factor determining the NOx formation
rate. Higher engine load requires more fuel and therefore produces more CO; and heat.
Consequent raised engine temperature leads to more NOx formation. Note that high load
conditions are very small fractions of the normal operation, and the majority of the normal
operation conditions were delivered by low and medium engine loads.

To validate the modal emissions rates, the researchers compared observed total emissions and
estimated from the observed average modal rates. The average modal rates were applied to each
corresponding instance of the observed data, and the total emissions were calculated for the
entire duration of testing. The percentage difference between these estimated values and
observed total emissions (reading from PEMS) were calculated for quality control.
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Approximately all of the differences were less than 5 percent, with the majority of them being
less than 2 percent. CO, and NOXx rates provide the most accurate estimates for all modes while
other pollutants show mixed results. These results indicate that the resultant modal emission
rates are valid and representative of observed emissions readings from PEMS equipment.

MOVES emissions rates for the corresponding model year of each individual vehicle are also
included in Figure 14 through Figure 16. Please note that the definition of vehicle types used in
MOVES encompasses a broad range of engine sizes and other characteristics that influence the
amount of emissions. Therefore, MOVES emission rates should be treated as a representative of
the average values for all different vehicles of a specific type and therefore discrepancy between
observed emissions and fuel consumption rates and MOVES results are to be expected. The next
section provides a discussion on comparing the observed emissions rates with MOVES
estimates.

IMPACT ANALYSIS AND COMPARISON WITH MOVES

One of the main purposes of this study is to compare the observed emission rates with those from
the EPA MOVES model. For this purpose, the MOVES model’s modal emissions rates
(emission rates for each operating bin) for each individual vehicle as well as each vehicle class
were extracted. The MOVES and observed emissions rates were applied to two batches of drive
cycles that were collected using GPS. These emissions estimates were then used to investigate
the difference between the total amount of observed emissions and MOVES estimates.

The first batch of drive cycles used in this analysis consists of the actual speed profile of the
vehicles during testing collected by a GPS unit. This first batch is referred to as test cycles in
this report. The second batch of drive cycles represents the normal operation of their respective
vehicle types, referred to as operation cycles. To collect speed data for these drive cycles, GPS
units were installed on 18 of the City of Houston’s fleet vehicles (eight Class 8 vehicles, five
Class 6 vehicles, and five Class 4 vehicles) in Houston, TX, and second-by-second speed data
were collected for approximately one week of their normal.

Valid speed data were extracted for each vehicle, and each vehicle’s speed data were considered
as one set (e.g., set 1, 2). Filtering criteria such as acceleration limits, maximum idle time before
and after each moving section, and maximum and minimum speed thresholds were used in the
process of extracting speed data. Figure 17 shows a sample test cycle and section of an operation
cycle. Table 10 through Table 12 provide details of the operating cycles for all tested vehicle

types.
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Figure 17. Example Drive Cycles: Test Cycle (Left), Operation Cycle (Right).

Table 10. Characteristics of Operating Cycles — Class 8 Vehicles.

Drive Cycle Grou
1 2 3 4 5 6 7 8
Vehicle Number 39621 | 39620 | 38418 | 38147 | 38166 | 37991 | 36919 | 30693
Total Duration (s) | 9741 | 30673 | 18371 | 25373 | 17717 | 23883 | 13307 | 12269
Total Distance (mi) | 53.3 | 169.1 | 108.6 | 127.2 | 128.6 | 104.2 | 68.6 | 59.4
Avg. Speed (mph) 19.7 | 19.8 | 213 18.0 | 26.1 157 | 186 | 174
Max Speed (mph) 603 | 573 | 659 | 66.6 | 63.7 | 69.1 | 66.6 | 63.9

Table 11. Characteristics of Operating Cycles — Class 6 Vehicles.

Drive Cycle Sets
1 2 3 4 5
Vehicle Number 23697 | 25116 | 25225 | 37913 | 40073
Total Duration (s) | 28632 | 21510 | 28573 | 5393 | 15781
Total Distance (mi) | 127.9 | 115.5 | 186.3 | 21.1 81.5
Avg. Speed (mph) 16.1 19.3 23.5 14.1 18.6
Max Speed (mph) 59.1 588 | 61.2 | 643 68.7

Table 12. Characteristics of Operating Cycles — Class 4 Vehicles.

Drive Cycle Sets
1 2 3 4 5
Vehicle Number 29408 | 29413 | 29417 | 40044 | 40087
Total Duration (s) | 19487 | 15087 | 20980 | 3567 | 20739
Total Distance (mi) | 127.1 | 70.3 | 150.9 | 22.2 86.7
Avg. Speed (mph) 23.5 16.8 259 | 224 15.1
Max Speed (mph) 70.6 | 60.1 72.6 | 60.5 59.8

The VSP value corresponding to each instance of the drive cycles was calculated based on
Equation 1 utilizing MOVES default parameter values of Table 9 and a distribution of time spent
in each operating mode bin was developed. The MOVES and observed emission rates for each
individual vehicle were then applied to these operating mode distributions and the total observed
and MOVES-estimated emissions for each vehicle were calculated. The average total emissions
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for each vehicle type were also calculated for a simple emission reduction benefit analysis.
These estimates were then used to calculate the average emissions reduction benefits of replacing
older vehicles with newer ones. The results of this analysis are discussed in the next section.

Figure 18 and Figure 19 show an example of drive cycle analysis for vehicle 8H-2 (or 21832).
Figure 18 contains the results from test cycles whereas Figure 19 shows the total estimated
emissions from operating cycles. Table 13 through Table 16 show the average distance-based
emission rates in grams per mile (g/mi) for each operation cycle set, i.e., the average g/mi
emissions from approximately one week of operation. The missing values in these tables are
invalid or unavailable observations.

Vehicle 21832 - MY1994 - Class 8
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Figure 18. Total Emission for the Test Cycle of Vehicle 8H-2 (21832).
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