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IMPLEMENTATION STATEMENT

This research collected on-road vehicle tailpipe emission data at five highway
locations in the city of Houston. The remote emission sensor SMOG DOG was used to
collect emission concentrations of CO, HC and NOx, as well asa vehicle's instantaneous
Speeds and acceleration rates for a combination of on-road vehicle types, ages and
technologies. The ONROAD emission estimation mode is developed which establishes
relationships between the emission rates and vehicles instantaneous speed, acceleration
rate and ambient temperature. The existing emission estimation models including
MOBILE and EMFAC emission factor models are compared and evaluated with the
ONROAD emissions. The following recommendations for implementation of the

research findingsare provided:

1

The emission factor modd MOBILE should continuously be used for the
purpose of establishing mobile source emission inventories and
performing various ar quality planning functions. However, cautions
should be given in selecting the input parametersto the model, such as the
mix of vehicle types, ages and accumulated mileage, as it is found that
using the national averages of these parameters underestimatesthe on-road
emissions.

TXDOT should use the ONROAD emission estimation modd in
conjunction with a traffic simulation or a dynamic traffic assignment
modd in the evaluation of emission implicationsof .varioustraffic control
and management strategies, as this modd provides an effective means to
determine how an alternative traffic network demand and control scenario
will affect a vehicle's on-road instantaneousspeed profileand thus the on-
road vehicle emissons.

The emisson estimation by existing trafic simulation models
consderably underestimate emissions for on-road driving vehicles.
Therefore, these models are not recommended for use in performing any
field vehicleemissionanadyss.

On-road vehicle emission data should be collected routinely using the
advanced infrared remote emission sensing equipment from various
highway locations in Texas so as to establish more consistent and reliable
on-road vehicle emissioninventoriesand database.

A twic smulation or dynamic traffic assgnment mode should be
sdlected for incorporating the ONROAD emission modd so that the
evaluation of emission implicationsof alternative traffic network control
and management dStrategies and various ITS applications can be
consistently conducted.



DISCLAIMER

The contentsof this report reflect the views of the author, who is responsible for
the factsand the accuracy of the data presented herein. The contents do not necessarily
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SUMMARY

In order to achieve the air qudity goals and deadlines set in The Clean Air Act
Amendments (CAAA) of 1990 and The Intermodal Surface Transportation Efficiency
Act (ISTEA) of 1991, transportation professonas have actively been searching for
effective measures aimed a reducing vehicle emissions. Some of the existing measures,
for example, include Employee Trip Reduction Programs, Ridersharing Programs with
Vanpools or Carpools, and the use of Alternative Fuels such as Liquefied Natura Gas
(LNG) and Compressed Natura Gas (CNG). In addition to these measures, which should
be further evaluated in terms of their cost and effectivenessin reducing vehicle emissions,
the use of traffic control and management strategiesisan alternative that has the potential
to significantly reducethe on-road vehicle exhaust emissions.

Traffic control and management strategies have been traditionally used to relieve
traffic congestion and reduce vehicles travel times. For a long time, there has been a
perception in the transportation community that suggests that a traffic control and
management strategy that can minimize travel times will automatically result in the
minimization of vehicle exhaust emissions. Many recent research findings, however, have
indicated that this perception is not accurate. In fact, the travel time isa function of only
the average speed, while a vehicle’s exhaust emission factor is found to be more related
to its instantaneous speed profile. Therefore, an optimal traffic control and management
strategy can minimize either travel timesor emissions but not both concurrently.

The accurate modeling and estimation of vehicle exhaust emissions are very
important in evauation or optimization of traffic control and management strategies with
vehicle emissions as the primary objectives, as opposed to the travel times. Three mgor
vehicle exhaust emission species that affect the ar quality the most considerably are
identified as Carbon Monoxide (CO), Hydrocarbon (HC), and Oxides of Nitrogen
(NOx). For along time, these emissions have been estimated by using various emission
models which include the Environmental Protection Agency (EPA) approved mobile
source emission factor models MOBILE and EMFAC (in Californiaonly) and emission
estimation in various traffic smulation modes. MOBILE and EMFAC emission factor
models are widely used to evaluate numerousar quality planning functions but require
the average speed as the sole descriptor of a vehicles moda events and driving
conditions. This input requirement of average speed corresponds to a specific series of
defined driving cycles, such as Federa Test Procedure (FTP) urban driving cycle and
highway driving cycle. An emission factor mode is used to produce the emission factors
of CO, HC, and NOx for various vehicle classifications based on more specific inputs of
ambient temperature, modd and calendar year, fuel volatility and operating mode:

Since both MOBILE and EMFAC emission factor models are insensitive to a
vehicle's moda events, such as acceleration/deceleration, cruise speed and idling, they
cannot be used to effectively evaluate the traffic control and management strategies that
are amed at reducing vehicle emissions. These models offer little help for evaluating
operational improvementsthat smooth traffic flow through better ramp metering, signa
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coordination, incident management, High Occupancy Vehicle (HOV) lane operation, and
various Intelligent Transportation Systems (ITS) applications. In addition, the emission
factorsin MOBILE and EMFAC arederived from the FTP driving cycles of in-laboratory
emission testing. Their capability in representing the vehicle emissions for the on-road
driving conditionswas not extensively investigated.

Some of the traffic Smulation and optimization models, such as TRANSYT-7F,
INTEGRATION, NETSIM, and MTRAS, have incorporated their own emission
estimation methods, but none of these methods was tested or validated based on the on-
road driving vehicles. There are some on-going research efforts with respect to the
development of new generation of modd emission modelsin University of Cdifornia a
Riversde (UC Riverside) and George Institute of Technology (GIT). However, when the
new models will become fully operational and how effectivethese models can be used for
the microscopic emission analysis of advanced traffic networks are still unknown.

The devel opment of advanced infrared remoteemission sensing technology brings
us a cost-effective and convenient instrument for collecting on-road vehicle exhaust
emissions. Although initially, the Remote Emission Sensor (RES) was proven to be
useful and highly effectivein screening for the High Emitter Vehicles (HEV) on the road,
thereare also advantagesin using RES in emission modd eval uation and emission model
development. The emission data collected by RES naturaly reflect the on-road vehicle
fleet combinations and current vehicular technologies. It is inexpensiveand easy to use
comparing with the in-laboratory emission testing.

The on-road emission daa were collected from five highway sites in Houston
using aRES caled Smog Dog developed by the Santa Barbara Research Center (SBRC),
which is an application of space technology in vehicle emission sensing. The Smog Dog
can collect the emission concentrations of CO, HC, and NOx. It can also simultaneoudly
record a vehicle's instantaneous speed value and acceleration/deceleration rates whileits
emission is detected. The five locations selected for the emission data collection include
two on-ramps, two off-ramps, and one signalized arterial. In order to collect the emission
data for both acceleration and deceleration events, one of the two on- and off-ramp
locations was selected at a dlight uphill grade, while the other ones were on a dight
downhill grade. During the emission data collection, the ambient temperature and
humidity were periodically recorded.

The collected emission data were used to develop an emission estimation model
caled ONROAD, which condsts of a seriesof emission estimation equations, using the
standard regression technique. These emission estimation equations were designed to be
sensitive to a vehicle's instantaneous speed profile. Specifically, the emission rates were
made functions of a vehicle€'s instantaneousspeed, acceleration/deceleration rate, ambient
temperature and humidity. The ONROAD modd represents a combination of on-road
vehicle ages, mileage, model years, technologiesand driving conditions. It can be used to
estimate the emission reductions that may be obtained through the operational
improvements of traffic control and management strategies, which usualy can alter the



on-road vehicles' speed profiles. If the ONROAD emission mode! is incorporated into a
traffic Smulation or dynamic traffic assignment model that can accurately predict the
vehicles’ modal activities in the traffic network, the emission implications of different
traffic control and management strategies can then be evaluated and an alternative traffic
control and management strategy with a vehicle emission as the objective can be

optimized.

The emission factors that are derived from MOBILE and EMFAC are compared
with the collected on-road emission data by emulating the standard FTP driving cycles
usng the ONROAD emisson model. Generaly, both MOBILE and EMFAC
underestimate on-road vehicle emissions. Efforts are also made to compare the emission
estimations of traffic ssimulation models TRANSYT-7F and INTEGRSTION with the on-
road emission data. It is found that traffic smulation models estimate much lower
emissions than the ONROAD emissions.

Xviii



CHAPTER 1: INTRODUCTION

Background of Research

In order to achieve the air quality goals and deadlines set in The Clean Air Act
Amendments (CAAA) of 1990 and The Intermoda Surface Transportation Efficiency
Act (ISTEA) of 1991, transportation professionals have actively been searching for
effective measures aimed at reducing on-road vehicle emissions. Some of the existing
measures, for example, include Employee Trip Reduction Programs, Ridersharing
Programs with Vanpools or Carpools, and the use of Alternative Fuels such as Liquefied
Natura Gas (LNG) and Compressed Naturd Gas (CNG). In addition to these measures
which need to be further evaluated in terms of their cost and effectiveness in reducing
vehicle emissions, the use of traffic control and management strategies is an aternative
that has the potential to significantly reduce the on-road vehicle exhaust emissions.

For along time, travel time related factors have been the major concernsin both
traffic management and transportation planning. For example, most of existing traffic
assignment techniques (Yu and Van Aerde, 1996), which are central components to
transportation planning and traffic network modeling, have used either the user travel
tinfe or the system travel time as the objective. On the other hand, the optimization of
traffic signal timing plans (Courage and Wallace, 1991) has predominantly attempted to
minimize either the delays or the number of stops. In al of these scenarios, the vehicle
emission factors have always played implicit roles. In fact, the vehicle emission factors
are not explicitly and quantitatively considered in selecting traffic control and
management strategies primarily due to the limitations of existing emission modeling
capabilities.

Traffic control and management strategies have been traditionally used to relieve
traffic congestion and reduce vehicles travel times. Many people in the transportation
community have perceived that a traffic control and management strategy that minimizes
travel times will automatically result in the minimization of vehicle exhaust emissions.
The research by Yu and Stewart (1995), however, hasindicated that this perceptionis not
accurate. In fact, the travel timeis a function of only the average speed, while a vehicle's
exhaust emission factor is found to be more related to its instantaneous speed and
acceleration/deceleration events. The research by Cicero-Ferandezand Long (1993, 1994)
further indicated that the acceleration events contribute significant portions of emissions
for the on-road vehicles. Therefore, travel times and emissions respond differently to
vehicles moda events such as acceleration/deceleration, cruise speed and idling, and
thus they must also be considered differently in setting up a traffic control and
management strategy.

The accurate modeling and estimation of vehicle exhaust emissions are very
important in the evaluation or optimization of traffic control and management strategies
with the emissions as the primary objectives, as opposed to the travel times. Three major
vehicle exhaust emission species that directly contribute to the air pollution are Carbon



Monoxide (CO), Hydrocarbon (HC), and Oxidesof Nitrogen (NOx). For along time, the
estimation of these emissions has relied heavily on various emission estimation models
which include the Environmental Protection Agency (EPA) approved mobile source
emission factor models MOBILE (US EPA, 1991) and EMFAC (CARB, 1996). EMFAC
is used in Californiaonly because the state has stricter environmental standards than other
states. MOBILE and EMFAC emission factor models are widely used to evaluate
numerous air quality planning functions but require the average speed as the sole
descriptor of a vehicle's modd eventsand driving conditions. This input requirement of
average speed corresponds to a specific series of defined driving cycles, such as the
Federa Test Procedure (FTP) urban driving cycle and highway economy driving cycle.
An emission factor mode! is used to produce the emission factors of CO, HC, and NOx
for various vehicle classifications based on more specific inputs of ambient temperature,
mode and calendar year, fudl volatility and operating mode.

Since both MOBILE and EMFAC are insenditive to a vehicle's moda events,
such as acceleration/deceleration, cruise and idling, they cannot be used to effectively
evauate the traffic control and management strategiesthat are aimed at reducing vehicle
emissions. These models offer little help for evaluating operational improvements that
smooth traffic flow through better ramp metering, signal coordination, incident
management, High Occupancy Vehicle (HOV) lane operation, and various Intelligent
Transportation Systems (ITS) applications. In addition, the emission factors in MOBILE
and EMFAC are derived from the FTP driving cycles of in-laboratory emission testing.
Their capabilities in representing the vehicle emissions for the on-road driving conditions
were not extensively investigated.

Some of the traffic smulation and optimization models, such as TRANSYT-7F
(Penic and Upchurch, 1992), INTEGRATION (Van Aerde, 1994), FREQ(Imada and
May), NETSIM (Rathi and Santiago, 1989), and INTRAS (Wicks and Liebermann,
1980), have incorporated their own emission estimation methods, but none of these
methods were tested or validated for the on-road driving vehicles and conditions. There
are on going research efforts with respect to the development of new generation of modal
emission models in University of Caifornia a Riverside (An et a, 1997, Barth et d,
1997) and George Institute of Technology (Bachman et a, 1997). But when the new
modal emission modelswill become fully operational and how effective these modelscan
be usad for performing the microscopic emission analysis of advanced traffic networks
aretill unknown.

The development of advanced infrared remote emission sensing technology brings
us a cost-effective and convenient instrument for collecting on-road vehicle exhaust
emissions. Although initially the Remote Emission Sensor (RES) was proven to be useful
in screening for the High Emitter Vehicles (HEV) on the road (Bishop et d, 1994, Sorbe,
1995, Jack et d, 1995), there are many advantages to use RES in emission model
evauation and emission model development. This is because the emission dat a collected
by RES will naturally reflect the on-road vehicle fleet combinationsand current vehicular



technologies. It is also inexpensive and easy to use comparing with the in-laboratory
emission testing.

Objectives of Research

The primary objectives of this research are to use a RES to collect on-road
emission data, evaluate various existing emission estimation models with on-road
emissions, and develop an emission estimation model that can be used to evaluate
emission implications of aternative traffic control and management strategies. The
emission data collection uses the Smog Dog (SBRC, 1995), a RES which was developed
by the Santa Barbara Research Center (SBRC), which is an application of space
technology in vehicle emission sensing. The Smog Dog can collect the emission
concentrations of CO, HC, and NOx. It can also simultaneously record a vehicle's
instantaneous speed value and acceleration/deceleration rates while its emission is
detected. The new developed emission model will establish relationships between the on-
road vehicle exhaust emissionsand a vehicle's instantaneous speed and accel eration rate.
This emission model can be used to evaluate emission implicationsof alternative traffic
control and management strategies.

Outline of This Report

The next chapter of this report will present the extensive review of the state-of-
the-art emission estimation modelsincluding emission factor models, emission estimation
methods in traffic simulation models, and on-going development of new generation
modal emission models. Chapter 3 will then describe the emission data collection effort
in this research including the description of the emission collection equipment, emission
collection design and the actua emission collection activities. Chapter 4 will
subsequently use the collected on-road emission data to develop an emission model,
ONROAD, using the regression technique and describe the significance for using the
ONROAD emission estimation moddl. Chapter 5 will evaluate the existing emission
models based on the collected emission data for the on-road driving conditions. Finaly,
Chapter 6 will summarize various findings from this research and provide
recommendations to TxDOT as how the research results should be implemented and what
additional research effort. need to be made.

1.2



CHAPTER 2: REVIEW OF STATE-OF-THE-ART EMISSION
MODELS

This chapter intendsto explore the existing emisson modeing capabilities so as to
establish the context for collecting on-road emisson data and evauate existing emisson
modds in the following chapters. Over the past decades, many emisson models have been
developed for performing various ar qudity andyss functions. In generd, emisson
estimation modds can be roughly dassified into three types. The fird type is cdled the
emisson factor modes, the second type is the emisson estimation in traffic Smulation
models, and thethird typeis the new generation of moda emission models.

Emission Factor Models

Emisson factor models are used to generate emission factors for each emisson
species, which will be interfaced with travel demand mode s to calculate the mobile source
emissions estimates. Specificaly, an emisson factor modd cal culatesthe emissonsof HC,
CO and NOx in grams per mile, a travel demand modd supplies an estimate of Vehicle
Miles of Travd (VMT), and the total grams of pollutants emitted by vehicles can be
produced by multiplying the emission factorsby the VMT. At present, there are two EPA
approved emisson factor modds, MOBILE which is required by EPA to be used by dl
statesbut Cdiforniaand EMFAC which isused in Cdiforniaonly.

MOBILE Emission Factor Model

MOBILE is a computer program developed by EPA that estimates HC, CO and
NOx emisson factors for gasoline-fueled and diesdl highway motor vehicles. While the
verson of MOBILESa is used for writing this research report, the new verson MOBILEG
IS released and available from the summer of 1997.

MOBILE calculates emission factors for eight individuad vehicde types in two
regions (low and high dtitude) of the country. Its emisson factor estimates depend on
various conditions such as ambient temperatures, average travel speed, operating modes,
fuel volatility, and mileage accrud rates. MOBILE will estimate emission factorsfor any
caendar year between 1960 and 2020, inclusve. The 25 most recent mode years are
considered to bein operation in each caendar year.

The eight vehide types used in MOBILE include lightduty gasoline vehicles
(LDGV), lightduty gasoline truck 1 (LDGT]1), light-duty gasoline truck 2 (LDGT2),
heavy-duty gasoline vehicles(HDGV), light-duty diesdl vehicles(LDDV), light-duty diesd
trucks (LDDT), heavy-duty diesdl vehicles (HDDV), and motorcycles (MC). The
MOBILE derivesits emisson factors by multiplying the Basic Emisson Rate (BER) by a
series of correction factors that account for various variables. All of the BER equations
for light duty vehicles describing emissonsasa function of accumulated mileage are based
on the 19.6 mph (31.5 kmvhr) average trip speed, which corresponds to the FTP urban
driving cyclefor light-duty vehicles(40 CFR Part 86).
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The speed correction factors are derived from anayss of emission data taken from
tests over driving cycles of different average speeds. The range of average speeds for
which MOBILE contains speed correction factors is 2.5 to 65 rnph (4.0 to 105 km/hr).
The speed correction factors are divided into ranges of average speeds. low speeds,
consisting of speeds from 2.5 rmph to 19.6 mph; mid-range speeds, from 19.6 mph to 48
rph (77kmvhr);, and high speeds, from 48 mph to 65 mph. The genera shape of the curves
describing HC and CO emission as functions of average speed exhibits high g/mi emissons
at very low speeds, with emission factors dropping rapidly as average speed increases up
to 19.6 mph, then emissions dropping more dowly as average trip speed increases from
19.6 to 48 mph, no change in emissions in the rage 48 to 55 rmph (88 km/hr), and findly
emissions risng again as average speed increases.

The MOBILE uses the average speed as the sole descriptor of a vehicle's modd
activitiesand dl the effects of acceleration, deceleration, idling and cruise are aggregated
into a single emission factor which represents the emissions for a complete trip of a
vehicle. In order to more clearly demonstrate how the MOBILE emission factors are
derived in association with the instantaneousmoda activities, three standard FTP driving
cycles are presented through Figure 2-1 to Figure 2-3. Figure 2-1 to Figure 2-3 illustrate
the FTP urban driving cycle for light-duty vehicles, FTP highway fud economy driving
cycle, and FTP driving cycle for heavyduty vehicles. Consider Figure 2-1 as an example
to show how the emisson factors are derived. The vertica axis represents the

instantaneous speed and the horizontal axis represents the time. The dots show the
acceleration/deceleration rates.

The FTP urban driving cycle for light-duty vehicles consists of a cold start
segment, a hot stabilized segment, and a hot start segment. Initially, the vehicleis stored
for a minimum of 12 hours before testing to simulate a 12-hour overnight scak period.
The vehicle is then driven over the start segment which lasts 505 seconds and the
emissionscollected are defined as Bag 1, cold start emissions. Once the vehicleisin a hot
stabilized mode (engine and catalyst at normal operating temperature), Bag 2 emissons
are collected over the remaining 867 seconds of driving. After a ten minute soak, the 505
secondsof the start segment is repeated and the emissions collected are defined as Bag 3,
hot start emissions. The find emission factor is derived based on the weighted sumof the
emissionsfrom three bags divided by the total milestraveled.
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MOBILE utilizes an input file that provides program control information and the
data describing the scenarios for which emisson factors are to be estimated. The input
information consists of three digtinct sections: the Control section, the One-time Data
section, and the Scenario section. The Control section is the portion of the input file that
controlsthe input, output, and execution of the program. For example, the Control section
indicates whether MOBILE will require the user to supply additiona input data, or
andyze a scenario that includes an ingpection and maintenance program, or output the
emissonfactorsin aformat suitablefor visud inspection or in aformat suitableas input to
another program.

Some parametersused in the emission factor calculations have interna vaues built
into MOBILE. The One-time Data section is the portion of the input that dlows the user
to define parameter vaues different from those internd to MOBILE, which will be used in
the cdculaions for all of the scenarios within a given run. For example, in the One-time
Data section the user can specify aternate annual mileage accumulation rates or
registration distributions by age for each vehicle type. In addition, the One-time Data
section alowsthe user to specify further control program parameters, such as descriptions
of ingpection and maintenance programs.

The Scenario sectionis the portion of the MOBILE input that detailsthe individual
scenarios for which emission factors are to be caculated. For example, in the Scenario
section the user specifies the caendar year of evauation and the average speed(s) to be
assumed. Each MOBILE run can include many scenarios, and each scenario can have
different scenario parameters. Appendix A provides an example input file of MOBILE



which shows where the Control section, One-time Data section and Scenario section
locate.

MOBILE generates four outputs, the interactive user didog, which indudes dl
input format gspecifications, prompting messages, diagnostic messages (errors and
warnings), and formatted emisson factor report. The formatted emisson factor report
includes the emission factor information for all the scenarios that were provided in the
input file. The resulting emission factors indude total HC, exhaust HC, evaporative HC,
refueling HC, running HC, resting HC, exhaust CO and exhaust NOx, for each of eght
vehicle types as described earlier. These resulting emisson factorscan be combined with
the total vehicle miles of travel, which can be derived from a travel demand modd, to
produce the final emisson estimate for a target traffic network. Appendix B provides an
exampleof the MOBILE output file.

EMFAC Emission Factor Model

EMFAC emission factor modd was developed by the California Air Resources
Board (CARB) and the California Department of Transportation (CALDQOT). Cdiforniais
alowed to use EMFAC ingtead of MOBILE becauseit has stricter environmenta standard
than the nationd standardsand EMFAC produces dightly different results. It can generate
exhaust and evaporative emisson'factors of HC, CO, and NOx. It can aso estimate
emissions for particulate matter from tire wear to exhaudt. Its emission factors can be
input into the BURDEN modd to produce emisson inventories.

Two companion models CALIMFAC and WEIGHT provide input to EMFAC in
order to generate emission factors. CALIMFAC modd produces base emission rates for
each modd year when a vehicle is new and as it accumulates mileage and the emission
controls deteriorate. The WEIGHT modd calculates the relative weighting each model
year should be given in the total inventory, and each modd year's accumulated mileage.
The EMFAC uses these pieces of informatior, along with correction factors and other
data, to producefleg compositeemissonsfactors.

The emisson testing procedurefor EMFAC emisson factorsis smilar to that for
MOBILE emisson factors except that emisson characteristics of Cdifornia were
consdered and incorporated. The EMFAC uses a series of correction factors to smulate
non-standard conditions of in-laboratory emission testing. The correction factors that are
used to adjust the basic emisson rates in EMFAC include fuel correction factors, speed
correction factors, cycle correction factors, high emitter correction factors, bag correction
factors, and compositeemission factors.

The mgor difference between EMFAC and MOBILE isthat EMFAC employs 13
combinations of vehicle classes and technology groups as opposed to only eight vehicle
types in MOBILE. The 13 combinationsof vehicle classesand technology groupsinclude
non-catalyst light-duty autos, catalyst light-duty autos, diesd light-duty autos, non-catayst
lightduty trucks, catalyst light-duty trucks, diesd light-duty trucks, non-catayst nedi um



duty trucks, catalyst medium-duty trucks, non-catalyst heavy-duty trucks, catdys heavy-
duty trucks, diesd heavy trucks, diesel urban buses, and motorcycles.

The input datato EMFAC include the cdendar year (any year between 1970 and
2020), modd year, modd year groups, either summer or winter inventory, speed range (3-
65 mph), temperature range (30 - 110 F), I'M program on or off and type of output. The
results of the EMFAC calculation can be formulated into one of the two types of output
files. The report output file summarizes the data in a tabular format and the impact rates
file summarizes the data for each possble combinaion of inputted parameters. The
Appendix C provides an example input to EMFAC while Appendix D ill'udrates an
exampleof the report output file from the EMFAC.

Emission Estimation in Traffic Simulation Models

Many traffic Imulation modes have incorporated emisson estimation equationsto
enhancetheir capabilitiesin performing vehicle emisson analyssof varioustraffic network
scenariosand controls. Different from the EPA agpproved emisson factor models, which
require supplementa travel demand modelsfor generating the finad emisson estimates, a
traffic amulation modd can produce a complete emisson estimation of traffic networks
with a single modding package. The emisson estimation in traffic Smulation models is
primarily designed and incorporated for evauating the emisson implications of traffic
network demands and control strategies. Most of them are not approved by EPA for use
in establishment of vehicle emisson inventories.

The examples of traffic smulation modds with the emisson estimation capabilities
include the TRANSYT-7F, INTEGRATION, FREQ NETSIM, and INTRAS. The
current verson of TRANSYT-7F modd (Courage and Walace, 1991) does not have the
emisson estimation capabiities. Enhancementsto the existing mode have been suggested
by Penic and Upchurch (1992), which would estimate emissions based on microscopic
measures, mainly the four modes of a vehicle's motion: acceleration, deceleration, cruise
and idle. The emission estimation in INTRGRATION (Baker, 1994) was based on a series
of emisson equations, which were developed based on the MOBILE emisson outputs.
The FREQ modd (May, 1990) predicts vehicle emissons during a given time dice for a
given subsection of the network based on results from the EMFAC emission factor model.
The microscopic smulation modd NETSIM (Rathi and Santiago, 1989) computes
emissons on a link levd based on a table of emisson rates. INTRAS (Wicks and
Liebermann, 1980), a microscopic modd for freeway corridors, is also capable of
providing link-specific values of vehicle emissons.

In the following subsections, the emission estimations in TRANSYT-7F and
INTEGRATION will be described as representations to illustrate the di fference between
the emission factor modelsand the emisson estimationin traffic Smulation models.



Emission Estimation Model for TRANSY-7F

TRANSYT-7F is a traffic signal smulation and optimization computer program,
which uses a macroscopic deterministic platoon dispersion model to simulate the flow of
traffic through a street network. It is used extensively through the United States to
optimize the performance of urban signal systems with respect to delays and number of
intersection stops. As indicated previoudy, the current version of TRANSYT-7F does not
have the emission estimation capabilities. Penic and Upchurch suggested an enhancement
to TRANSYT-7F for estimating emissions, which would involve modifying the
TRANSYT-7F input routines to accept new data cards and adding pollution equations as
subroutines.

The suggested TRANSYT-7F emission equations were developed based on the
emissions data summarized by McGill (1985). The test procedure used combined
laboratory and on-road tests using six vehicles. Data were collected in tabular form as a
function of both accelerationand velocity. These six vehicleswere tested for emissionsof
CO, HC and NOx. Upon completion of the tests, the consumption and emission values
from all of the vehiclestested were averaged in proportion to each vehicle's contribution
to the January, 1986, U.S. vehicleflest.

For each emission species of CO, HC and NOx, the emission estimation is
performed for four distinguished modes of travel, namely delay emissions, acceleration
speed change emissions, deceleration speed change emissions, and constant speed
emissions. The delay emission is a fixed value in the unit of grams per second, whichis
considered to represent the idling emission rate. The acceleration and deceeration
emissions were made functionsof initial and final speed valuesand the road grades. The
constant speed emissions were made functions of a vehicle's instantaneous goesd value
and the road grades, which are considered to represent the emission ratesfor cruising.

The TRANSYT-7F emission estimation equations are virtually a moda emission
model that captures each vehicle's moda activities, such that the emission effects of a
traffic Sgna timing plan can be effectively evaluated. It should be noted that the sample
sze of test vehicles for TRANSYT-7F emission equations is very small and is not
approved by EPA for use to provide the accurate estimation of emissionsfor attainment
or non-attainment areas. However, these equations are still useful for evaluating how the
vehicleemissionsare affected by different traffic signal control plans.

Emission Estimation Model for INTEGRATION

The INTEGRATION is a microscopic traffic simulation model, which was
developed to analyze a number of specialized problems related to the operation, and
optimization of integrated freeway/arterial traffic networks, of real-time controls and of
route guidance systems. Its emission estimation capabilities were enhanced by
incorporating the emission estimation model developed by Baker (1994). This emission
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model estimates the emissions of a specific vehicle as it experiences travel adong a
specified route, influenced by the traffic flow characteristics and the countless traffic
management strategi esassociated with the driven network.

Baker initialy developed a fuel consumption model for TravTek vehicles
(Rillings and Lewis, 1991) in Orlando based on the fuel consumption data, which were
collected over a five-month period. This fuel consumption model was later expanded to
account for various driving environments, operating conditions and vehicle types by
using the data provided in publicly available fue consumption guides. Then a vehicle
emission estimation model was developed based on dtrategically selected MOBILE
output. The output from the MOBILE was generated by carefully selecting the inputsto
the model such that results could be directly linked to the developed fuel consumption
modes. Using emissions and fuel consumptiondata, which correspond to similar driving
cycles, operating environments, and vehicle types, a series of regression equations were
caibrated which predict the quantity of HC, CO and NO that result from consuming a
given volumeof fudl.

The emission estimation model in INTEGRATION was designed as polynomial
functions of the independent variables such as the instantaneous speed value and the
ambient temperature. It can predict emissions for three vehicle classes, light-duty
gasolinevehicles, light-duty gasolinetrucks 1 and lightduty gasolinetrucks 2. It can also
predict the idling emission rate and cold start impact on emissions.

QOther Emission Estimation Models

As indicated previoudy, MOBILE and EMFAC predict vehicle emissions based
in part on average trip speeds and were built upon regression analysis based on FTP
defined driving cycles. Since these models are intended to predict emission inventories
for large regional areas, they offer little help for evaluating operational improvementsthat
are more microscopic in nature, such as ramp metering, signa coordination, and many
ITS applications. What is needed is an emissions modd that considers a a more
fundamental level the modal operation of avehiclesuch asidle, cruise, and variouslevels
of acceleration/deceleration rates. While some of existing emission models in traffic
simulation models provides some degrees of help, mogt of these models have not been
extensively tested. In this context, research efforts are being made in University of
Cdifornia(UC) at Riversideand GeorgiaInstitute of Technology (GIT) to develop new
generation of comprehensivemodal emission models.

UC Riverside Modal Emission Model

UC Riverside is currently developing a comprehensive moda emissions model
under sponsorship of the National Cooperative Highway Research Program (NCGRP
Project 25-11). While the final model has not been ready yet at the time of writing this
report, some preliminary results have been published (An et d, 1997, Barth et a, 1997).
The overal objective of this project is to develop and verify a comprehensive modal
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emission modd that accurately reflects the impacts of a vehicle's operating mode. The
model is comprehensive in the sense that it will be able to predict emissions for a wide
variety of Light Duty Vehicles (LDV) in various sates of conditions (properly
functioning, deteriorated, and malfunctioning).

The UC Riversde emission modd isbeing designed so that it can interface with a
wide variety of transportation models and transportation data sets. As part of the modd
emisson model development, 28 different vehicle/technology categories have been
identified and are being implemented in the modd. These vehicle/technology categories
have been chosen based on vehicle class (car or truck), emission control technology (non-
catalyst, 3-way catays, etc.), emisson standard levels, power-to-weight ratio, and
emitter level categories(norma emitter, high emitter).

The conventional emission factor models are based on bag emissions data of FTP
driving cycles collected fiom certification tests of new cars, surveillance programs, and
inspection/maintenance programs. These large setsof emissionsdata providethe basisfor
the conventional emission inventory modes and are indexed primarily by mode year.
The emissiondatafor the UC Riverside emission modd were collected second-by-second
fiom a sample of vehiclesto build emissionsfor the national fleet. The choice of vehicles
for this sampleis crucid, since only a smal sample (300+ vehicles) WI be the basis for
the modd.

The input operating variables in the mode include second-by-second speed (fiom
which acceleration can be derived), grade, and accessory use (such as air conditioning). In
many cases, grade and accessory use may be specified as static inputs or parameters. In
addition, the vehicle soak timeand specia |oads are specified as static input variables.

Since this modd is not fully operationa yet, the fina input and output formats,
and the actua mathematical equationsfor caculating the emissions are not available at
thistime. It istoo early to judge what improvementscould be madein this moddl over the
existing emission modds, how accurately the modd can predict the on-road vehicle
emissions, and how extensively the modd can be used in practice.

GIT Emission Model

Thereis an on-going research effort in Georgia Tech in conjunction with the EPA
to develop a next generation modd emissions mode within a Geographic Information
System (GIS) framework (Bachman et al, 1997). GeorgiaTech's moda emissions model
is designed to improve emission estimates by considering a variety of vehicle activities,
environmental factors, vehicle and driver characterigtics, and the spatial and tempora
distributions of these characteristics. The framework for this model is a modd basis,
where emissions rates are employed for specific modes of vehicle operation. Important
vehicle operating modes include engine starts, idle, hot stabilized operation, enrichment
conditions (influenced by high acceleration and power demand), hot soak evaporation,
€tC.



The technology group definitionsand corresponding emission rates for the model
were devel oped through regression analyses of vehicle emissionstest data(more than 700
vehicles and 4000 vehicle test). The emission data were derived based on red world
driving with real-world fleets experiencing red-world driving environments. This means
a research program based on remote sensing, on-road studies, instrumented vehicles,
rather than smply supplements|aboratory analysis.

The mode employs on-network and off-network components. On-network
estimates include activities, which are attributed to a transportation system on a link by
link basis. On-network data used in emissionsmodeling may include temporally modeled
and/or monitored traffic volumes, speeds, and fleet characteristics. Loca roads, however,
are included in an off-network database by aggregating their characteristics into nn -
transportation analysis zones (analogous to the methods typically employed in travel
demand forecasting models). Other off-network activity is handled on a zona basis
derived from socioeconomicand environmental data.

The activitiesfor various vehicle technology groupsare tracked within the model
S0 that separate base emissionsrates can be employed. Emission rate algorithmsare based
upon statistical analysis of emissions data and designed to reflect state of the practical
emissions modeling. Emission rates will be determined for al the modes, which are
modeled.

The Georgia Tech Gls-based emisson modd does not generate aggregate
emission rates or emission factors like emission factor models. Instead, it predicts spatial
and tempora alocation of motor vehicle emissions in an urban area. It requires the
development and integration of new dataand requiresalarge amount of time and effort to
produce the data required. Costs associated with developing Gl s-based emissions models
are likely to be large primarily associated with model development, standardization, and
integration of new data sources.

Summary of Emission Models

As indicated in the proceeding sections, there exist three types of emisson
estimation models at present, emission factor models, traffic sSimulation emission
estimation, and the new generation of moda emission models. Both emission factor
modes MOBILE and EMFAC use the average speed as the sole indicator of a vehicle's
moda activities, and thus they cannot be used to evaluate the emission implications of
operationa improvements of traffic control and management strategies. While emission
estimations in traffic simulation models are designed more sensitiveto vehicles modal
events, their emission databasesare very limited and they were not extensively tested and
validated for their accuracy in representing the on-road vehicle emissons. The new
generation of modal emission models are being developed at UC Riverside and Georgia
Tech. The UC Riverside modd relies more on the conventional in-laboratory testing of
sample vehicles, while the Georgia Tech emission modd is GIS based and is developed
based more on remote sensing programs. Since both UC Riverside and George Tech
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modelsare nat fully operational yet, no concrete conclusonscan be drawn a this point
with respect to the accuracy and capabilitiesof these models.
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CHAPTER 3: ON-ROAD EMISSION DATA COLLECTION

In order to evaluate the emission estimation models reviewed in Chapter 2, the
on-road vehicle emission data are collected. The remote vehicle emission sensing
equipment is used as a tool in data collection. The mgor advantage of usng a Remote
Emission Sensor (RES) is that extensive emission data can be collected for the on-road
driving vehiclesand conditions in a cost-effectivemanner. The following sectionsin this
chapter will briefly describe the RES that is used in this research, present the design of
the datacollection, and illustrate a summary of the emission datathat are collected.

Data Collection Equipment: Remote Emission Sensor

The RES that is used in the vehicle emission data collection is caled SMOG
DOG (SBRC, 1995 and Jack et al, 1995), which was developed hy the Santa Barbara
Research Center (SBRC), a wholly owned subsidiary of Hughes Aircraft Company. It is
an application of advanced technology developed for environmental monitoring from
space to accurate measurement of automotive emissions on earth. It was initialy
developed for providing a cost-effectivetool for screening for high emitter vehicles and
has experienced many successful applications in Arizona, California, North Carolina,
Alaska, Georgia, and New Mexico. Some other states are also starting the use of RES to
reduce automobile pollution.

The SMOG DOG, which consists of a sensor head, source, video camera, and
state-of-the-art electronics for capture, display, and storage of both image data
(automobile license plates) and vehicle emission data, uses a remote sensing technique
that has been used for many years for satellite monitoring of ecologica and
environmental pointsof interest like earth's atmosphere and forest. In its vehicleemission
sensing, infrared "'light™ is passed through a vehicle's exhaust plume and is absorbed by
the different gases in the plume. The sensor determines changes in the selective
absorption of infrared radiation by molecular vibrational modes at wavel engths specific
to the pollutant; i.e., HC, CO, NOx, and CO,. Changesare measured using chemically
specific detectors, which sense radiation only a these wavelengths. The motion of a
vehicle through the beamtriggers the simultaneous measurement of CO, HC, NOx, and
CO, in the dispersing exhaust cloud for a user-selectable period (typically one-second).
The data from all four pollutantsare analyzed in ared time and the results, expressed asa
percentage of the exhaust, are stored on computer disk. The image data is stored on a
VCR tgpe, which can be read by an operator and the license plate information is entered
into the samefileasthe emission cita

The SMOG DOG can identify the high-emitting vehicles, and owners of these
cars can then be notified that their carsare polluting and are encouraged to repair the cars.
Becausethe SMOG DOG continuously samplesthe emission from vehicleson the road, a
high-emitting vehicle will likely be identified and repaired. In this way, a dirty vehicle
will have less of a chance of being driven and polluting the air. The SMOG DOG is hon-
obtrusiveto drivers. Thetest is performed unknown to the driver in a fraction of a second
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as the vehicle passes by the sensor without having to dow down and increase traffic.
Thus, it is a very cost-effective means of reducing air pollution. It can screen thousands
of vehicles per day a low cost.

A specid feature of the SMOG DOG system is its enhancement of the capability
in detecting a vehicle's speed and acceleration rate. The instantaneous speed value and
acceleration rate of a vehicle passing through the test site are monitored utilizing piezo
strips and a computer. Speed and accel eration data are then transferred to the main system
computer and stored with the vehicle records. The smultaneous measurements of
emissions, speed and acceleration rate provide an opportunity to establish a relationship
between the emissionsand a vehicle's instantaneous speed profile.

Data Collection Site Selection

A number of factors are consdered in determining Where the emission datashould
be collected. First, emission data should be collected for a wide range of speeds and
acceleration rates in order to more accurately establish the relationship between the
emission rate and a vehicle's speed profile. In this consideration, freewayscan be used to
collect emission data for high speeds, while the signal controlled streets can be used to
collect emissions of vehiclesat lower speeds. An on-ramp location is ideal for collecting
emissions a acceleration mode while an off-ramp location suited to collect emission of
vehicles that decelerate. Second, emission data should be collected for diverse geometric
conditionsin order to determine how geometric conditions influence the vehicle exhaust
emissions. To this end, various highway sites of at-grade, up-hill grade, and downhill
grade should be included. Findly, the safety of the equipment operator of the SMOG
DOG should be consdered. The current version.of the SMOG DOG requires the -
equipment operator to wak cross the highway severa times in setting up the emission
sensor, laying out the piezo strips acrossthe pavement, and calibrating the entireemission
sensing system before the actual emission collection can be conducted. Therefore, setting
up the system onto a multiple lane freeway or mgor arterial location places the
equipment and operator a a high safety risk.

With al of the above considerations in mind, many locations in the city of
Houston were evaluated and finally five highway locations were earmarked for the
emission data collection. Of the five locations, two are on-ramps, two are off-ramps and
one ison a signalized street. For the on-ramp and off-ramplocations, one of each ison a
dight uphill grade while the another one of each ison adight downhill grade. While the
vehicleemission datafor an idling mode should also be collected for the compl etenessof
the emission data set, the operation of SMOG DOG requires that the vehicle must be in
motion. Hence, the on-road emission data for the idling mode can not be collected in this
research. The selection of only five locations for emission data collection may not be
ideal, because many traffic and geometric conditions are not included. For example, it
would be ided to include highways with various uphill and downhill slopes, as opposed
to only two uphill and downhill distinctions. Also, various traffic conditions such as
vehicles in front of a traffic sgnal, vehicles after a traffic signal, platoon dispersion



vehicles, free driving vehicles, vehiclesat merging aress, vehiclesat diverging aress, ete.,
should all be included. However, the scope of thisresearch project intermsof the funding
has limited the emission collection designsto five highway locations. In fact, considering
the cost in usng the SMOG DOG, the scope of this research can only support the
emissioncollectionfor fivedays.

Considering the time for setting up the SMOG DOG equipment and the need for
collecting sufficient emission dat a for each location, it isnot practical to collect emissions
from more than one location on each day. Therefore, five highway locations were
selected for collecting emissions and each location was collected for an entire day. The
actual emission data collectionwork was conducted during the period of April 29 to ay
3, 1996. Table 3-1 illustratesthe list of locationsthat were selected for the data collection
aswell asthe actual datethat each collection exercise was conducted.

Table 3-1: List of emission dat a collection locationsin the city of Houston
7 Cocation Characteristics Collection [2La
1. Holcombe& YdlowstoneBlvd. | On-ramp with approximately 150 | April 29, 1996
Onto the I-288 Southbound mees long and a 34 paaat
downhill grade
2 Reed Rd. onramp with approximatdy 250 | April 30,1996
Onto1-288 Northbound meters long and adight uphill grade
3 1-288 Southbound off to Reed | Off-ramp with approximatdy 250 | May 1,1996
Rd. meters long and a dight downhill
grade
4 1-288 Northbound off to | Off-ramp with approximatdy 150 | May 2, 1996
Yelowstone& Holcombe Blvd | meterslongand a3 4 paraant uphill
grade
3
Signal controlled surface sreg ith | May 3, 19%
between Hlly Hall RI. and E | aleve grade

It should be noted that all the emission data collection using the SMOG DOG did
not consider the effect of cold start and hot start conditions of vehicles, although it is
equally important to consider these factorsin evaluating the existing emission estimation
capabilities, as al the emission factor models have considered these conditions as
proportional contributors to the entire emissons. The emission data collected in this
research are considered to represent the emissions under hot stabilized mode of vehicles.
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On-Road Emission data Collection

The on-road €mission data were collected from the five locations selected above
with the assistance of a technician from the SBRC. The fina products of this emission
collection efforts include standard ASCII files which include emission concentration
percentages and speed and acceleration data, hourly updates on ambient temperature and
humidity, license plate TIF files, and video tapes of the rear of vehicles with emission

data superimposed.

As an illustration of the remote emission sensor SMOG DOG, three photos were
taken during the emission data collection. In the following Figure 3-1, the equipment on
this side of the on-ramp pavement is the source, the other side has the sensor head, and
the piezo strips are shown on the pavement surface. Figure 3-2 shows the video camera,
which was set on the back of the SMOG DOG system. Figure 3-3 illustrates the van
within which the entire computer system is built and connected with other equipment.

Figure3-1: Illustration of source, sensor head and pieze stripsduring emission data
collection

34



Figure 3-3: lllustration of the van, which includes the entire computer g/stem
during emission data collection
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In the end, the on-road emission data collection resulted in a total of 1062 data
samplesfor Location 1, 828 data samples for Location 2. 1000 datasamplesfor Locations
3 and 4, and 738 data samples for Location 5. Appendix E illustrates a sample of the
collected emission data, while a complete documentation of collected emission data can
be found in a separate TxDOT Report 1485-2. The following Table 3-2 interprets the
meaning of each column in the collected emission datafile in Appendix E.

Table 3-2: Collected emission data file header

Interpretation Interpretation [Column | Interprewation |
1 Vehicle No. 8 HC% m
2 Date 9 _ Slope CO ll6 : Acceleration Rate
3 Time 10 Slope HC 17 NOx% »

4 Sensor No. 11 Max CO, 18 Slobe NOx

5 License Plate No. || 12- Max CO 19 Max NOx

6 CO% 13 Max HC

7 CO,% 14 Speed 1 '
] ——

In this research, the emission concentrations of CO, HC, and NOx in Columns 6,
8, and 17, and the speed and acceleration data in Columns 14-16 will be used. Columns
9-13 and 18-19 are useful in the derivation of emission concentrations within the SMOG
DOG computer processing and will not be directly used in this research. Interested
readers can find more detailed description about these columns from the reference SBRC
(1985).
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CHAPTER 4: DEVELOPMENT OF ONROAD EMISSION MODEL

Chapter 2 reviewed the existing methodologiesfor estimating vehicle emissions.
Chapter 3 presented an effort for collecting on-road vehicle emission data using the
remote emission sensor at five selected locations in the city of Houston. This chapter
attempts to develop an emission model, consisting of a series of emission estimation
equations, based on the on-road collected emission data. Thisnew emission mode, which
is named ONROAD, will be compared with the existing emission modelsin next chapter
so that the accuracy of existing emission models in representingon-road emissions can be
evduated. Since the ONROAD emission modd is made sensitive to a vehicle's
instantaneousoperating modes such as the instantaneous speed and accel eration, it can be
incorporated into a dynamic traffic assgnment or traffic smulation mode so that the
emission implications of traffic network operations and various traffic scenarios can be
evaluated.

Emission Data Conversion and Reduction

Asillustrated in Appendix E, the collected on-road emission dat a for CO, HC, and
NOx are concentrations in the unit of percentage or parts per million (ppm). Obviously
these emission data cannot be successfully compared with the emission factors or
emisson rates that are generated by the existing emission models such as MOBILE and
EMFAC. Usualy, emission factorsand emission ratesin the units of grams per mile and
grans per second are more useful unitsin practice. Therefore, the firg step in processing
the collected emission dat a will be to convert these data from the unit of concentrationto
the unit of emission factors or emission rates. While the author did not find, in the
literature, any differencesin using the terms of an emission factor and an emission rate,
the following definitions of emission factorsand emissionrateswill be used in the rest of
this report in order to clarify which unit, grans per mile or grans per second, is
implicated each time a term is mentioned: an emission factor represents the emissionsin
grams per mile while an emission rate representsemissionsin grams per second. The lack
of the capability for directly collecting emission factor/rate is a drawback of the remote
emission sensor SMOG DOG &t itscurrent design.

Conversion of Emission Concentrations to Emission Rates

Conversion of emission concentrationsto emission ratesis a very difficult task.
While most of the time emission concentration can be directly related to emission rates,
in some cases emission concentration is not related to the emission rate & all. In a
research report prepared by the South Coast Air Quaity Management District
(SCAQMD), the linear correlation relationships were developed between the emission
concentrations from the smog check data and IM240 emissions in grams per mile
readings (Huges, 1995). While this conversion method is not perfect, it is the only one
that existsat thistime.
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The smog check test and IM240 test are two tests that are implemented in
Cdifornia to enhance the Inspection and Maintenance I'M) program. The smog test
detects the emission concentrationsof the exhaust of vehicles at idle and at a fast idle
speed of approximately 2500 RPM. If the emission concentrations exceed the emission
thresholds which are specific for each vehicle type and modd year, the vehicle will be
sent to conduct the IM240 test which can identify the emissions in grans per mile to
confirm if the vehicle is a High Emitter Vehicle. The IM240 test lasts for 240 seconds,
which was developed as a time efficient substitute for the more involved Federal Test
Procedure (FTP) test.

Recognizing the problem that the Smog Check Test cannot provide the mass
emission data needed to quantify emissions, the SCAQMD developed correlations
between smog check data and IM240 mass emissions readings. These correlations were
basad on data from AQMD’s Orange County remote sensing program, the City of Los
Angeles Remote Sensor Program, and Hughes remote emission sensing data The
equations based on these data were developed 0 that CO and HC vaues in grans per
mile based on measured Smog Check Test concentration data for these pollutants could
be estimated. The correlationsare asfollows:

Equation 4-1
CO(gm/mi) = 11.1x CO (%) + 21.3, R* =052

Equation 4-2
HC (gm/mi) = 63.3x HC (%) +1.7, R* = 042

It was not possible to develop a smilar relationshipfor NOx because it was not
measured in the smog check test. Therefore, in the rest of this report, emission modeling
for only CO and HC are conducted, while any further research on NOx will not be
included in this report. Equations 4-1 and 4-2 are used to convert the collected emission
concentrations of CO and HC into the emissions in grams per mile. The emissions in
grams per mile are further converted into the emission ratesin grams per second based on
the instantaneous speed of each vehicle when the respective emission dat a was recorded.
The Equation 4-3 is used for this purpose.

Equation 4-3

CO/ HC (gm/ mile) x Speed (mile/ hr)

CO/HC Rate(gm/s) = 2200
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Emission Data Reduction and Vehicle Type Definition

After dl the emisson data are converted from the origind concentrations to the
gr ans per mile to thefina grans per second, ay invelid datais deleted from the database.
The invaid data represent the ingances when SMOG DOG was unadle to detect or
identify certain types of emissons. In these circumgances, the data were recorded as
99999. Thus, the initid data reduction process screened for the vdid datafor CO and HC
emissons ad resulted in two groups of a database. One group contains the vaid CO
emissondataand the other one liststhe vaid HC emisson data.

Recdling that MOBILE and EMFAC emisson factor modds can produce
emission factorsor emisson rates for more detailed dassfied vehicle types as indicated in
Chapter 2, it isfdt that the collected emisson data should also be dassified into different
vehicle types. Since the scope of this research does not generate detailed information
about each vehidethat was detected in terms of what vehidetype it belongsto, MOBILE
or EMFAC like cdlassficationsof vehidetypesare impossble. It is noted that the emisson
data collected usng SMOG DOG has generated videotapes, which recorded the image of
each detected vehicdle. Udng these videotapes, the vehides can be visudly dassfied into
different types. Due to thelimitation of the video, it is not possbleto classify vehidesinto
the detailed categories as in MOBILE and EMFAC. In the end, three vehidle types were
classified in this research asfollows:

Vehide Type 1 (W-I):passenger cars,
e VehideType2 (W-2):van ad pick-up trucks,
e VehideType3 (W-3):other trucks, ad
Aggregate (W)l vehides

While the above classfication of vehide types seems coarse, it is not expected to
affect the accuracy of the find modding of the on-road emisson data. As a matter of fact,
the objective of ay emission estimation is to produce the aggregate emissons from |
vehidesin the network indead of calculate emissonsfor each vehide type. If the coarse
dasdfication of vehide types and the reldivey aggregate modding of emissions can
represent the emissons of on-road vehicle fleet combinations, more detailed emisson
esimation of each specific vehicle type will not be necessary. Nonethdess, readers should
note the difference bet ween the vehide dassficationsin this research and in conventional
emisson factor models.

For traffic engineering andlyd's purposes, the smpler classification of vehide types
should be more meaningful. For example, if a traffic engineer intends to use a treffic
smulation modd or a dynamic traffic assignment modd (Yu and Van Aerde, 1996) to
edtimate the emisson implications of traffic network scenario and controls, the available
input information to the modd usudly does not include the information on detailed vehicle
types. In thisgpplication, an aggregate emisson modd of a coarse classification of vehicle
typesis more useful.




After the converson and reduction of the collected on-road emisson data as
described above, the CO emissons and HC emissons are organized into the following
data groups, namely the VT, VT-1 emissons group, W-2 emissons group axd VT-3
emissions group. Figure 4-1 illustrates the scattered CO emission data for the aggregate
emissons for the instantaneous speed versus CO emisson rate. It can be noted from this
graph that the data are heavily concentrated around the lower portion of the scattered
points, while some emisson data are spread over the higher portion of the dataarea. The
emisson data fdling into the higher portion of the graph can be consdered a
representation of the high emitter vehicles. The bottom line formed by the congested
emisson data pointscan be consdered to represent the emisson rates of the new vehidles.
It can be seen from this graph that no vehicles will emit emissonsthat fal beow this tidy
bottom line. Graphs 4-2 to 4-4 represent the amilar graphs for CO emissonsfor VT-I,
W-2, and VT-3, while Graphs 4-5 through 4-8 represent similar graphsfor HC emissons
for W, VT-Il, VT-2ad W-3.
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Regression Analysis of Emission Data

The on-road emisson data that were collected, converted, and reduced can e
used to develop the ONROAD emisson estimation moddl, which consst of a series of
emission estimation equations. The data sets resulted Fam processing the raw emission
data include emisson rates in grams per second, instantaneous Speed vaue,
acceleratioddecel eration rates, ambient temperature, and humidity. While the geometric
grades are very important information that affect the emissons, the on-road emisson data
collection could only use five sample locations with two of them in uphill grades, two of
them in downhill grades, and one of them in at-grade. These data are not sufficient to
successfully incorporate the grade data into the development of the ONROAD emission
modd. Therefore, this sudy will not separately consder the geometric grade data.
Insteed, dl emissionsfor five days for each emisson species are aggregated into a single
data set.

Definition of Variables

Thedependent variablesin the regresson andyssare the emisson ratesof CO and
HC for each vehicle type The potentia independent variablesare the instantaneous speed,
accelerationrate, ambient temperature, and humidity. These variablesare expressed by the
following notations:

EMIs, emission rate in grams pa second for emisson species EM and
vehicdletypex,

BV emission speciesCO or HC,

X vehicletype, VT, V-1, VT-2, and VT-3,

u avehiclés instantaneousspeed in miles per hour (mph),

a avehicle's accelerationratein mph per second,

t ambient temperaturein Fahrenheit degree,

h ambient humidity in percentage (%), and

Co, €1, ... congtant vaues (regression modd coefficients).

Regression Analysis Design

The fird step in any regression andysis will be the selection of mathematica
equationsthat may bes fit the field-collected data. The research by Penic and Upchurch
(1992) has indicated that the exponentia equationswould resuit in the best goodness-of-
fit between fiedd emisson data and the ,regressioncurves. However, Baker (1994) used
multiple variable polynomid equations in a similar modeling effort. Further statistical test
and examination of the emisson data collected for this research have found that the
exponential equations are more suitable for establishing relationships between emisson
rates and variousindependent variables.



Having decided to use the exponentiad equations in formulaing the ONROAD
emisson modd, we should then determine how many independent variable terms should
be induded in each emisson equation. Consideringall of the possble independent varidble
terms, the following sx are sdected for the regresson andyss speed, speed square,
accderation, acceeration square, ambient temperature, and humidity. Technicaly, there
exig unlimited potentia combinations of various independent variable terms that can be
tested. However, testing dl of them is not feasble. In addition, mog of them are not
datigticaly suitableas that can aso be easily judged fiom the regression andysis results in
the later portion of this chapter. The format of the exponential emisson equation is
illustrated by the following equation:

Equation 4-4

LN(EMIs,) = ¢, +cu+cu’ +ca+c,a® +ct+ch

Sdecting 9x independent varidble terms as the initid inputs for the regresson
andyssdoes not securethe incluson of any of these variabletermsin the final regresson
formula, as they may not satisfy the datiticd requirementsfor the regresson andyss. In
other words, ay of the six independent variable terms can be deleted fiom the
consderation 0 long as they are not Satisticaly satisfactory. The Saidica examination
about the qudity of the regresson equation will primarily go through the following three

steps.

Step 1: Check the coefficient of corrdation or the R-square of the regresson
andyss This will indicate the amount of the total variahility in the vaues
of the response variable that is accounted for by the fitted regresson
modd. The closer the correlation coefficient is to either 1 or -1 the
stronger is the linear association between the dependent and independent
variables. However, it should be cautious if the correlation coefficient is
closer to 1 for the vary largesample Size, as indicated by Hayter (1996).

Step 2: The Ftest is used to determine the generd acceptance of the regresson
modd. A large pvalue in F-test indicates that thereis no evidencethat any
of the input varidbles affects the didtribution of the response variable. A
small p-vaue, on the other hand, indicates that the response varidble is
related to at least one of the independent variables.

Step 3: The t-test is used to determine the acceptance of each individud
independent variable. Hayter (1996) suggests thet p-values larger than 10%
in at-test indicate that the corresponding input independent variablecan be
dropped from the model, while p-vaues smdler than 1% indicate that the
corresponding independent variable should be kept in the modd. However,
p-vaue between 1% and 10% do not provide a clear indication, and how
the corresponding independent variables are dedt with is left to the
experimenter’s judgment.



Step 4: If the finally remained variablesinclude both u and u?, only one of them wiill
be necessary, as both of them are exponents of an exponentia function.
Which one is retained will be dependent on which one results in a higher
correlation coefficient.

The above four stepsW  serve as the main guideline in the following sdlection of
independent variable terms in the regression anayss.

Regression Analysis

Following the steps described above, the regresson andysis is conducted. The
following tables present the details in deleting variable terms that are found not
appropriate satigticaly for incluson in the regresson equation. Take Table 4 1 as an
example. In the Step 1 of Table 41, the regression andysis that involves dl of the six
independent variableterms resultsin a correlation coefficient of 0.5209. While thisvaueis
not very high, it isa redistic number considering the quantity of the emisson data set. The
p-vaue in the F-test is 0, which indicates that at one of the selected six independent
variadble terms is Satigticaly related to the dependent variable GO emission rate. The p-
valuesof t-test for six independent variabletermsindicate that the variable a* (acceleration
square) should be removed fiom the regresson equations Since its p-value 0.9567 is the
highest and higher than 10% threshold vaue as described previoudy. In the Step 2, the
regression andysisis re-conducted by excluding the varigble a®. Similar andys's requires
that the varidble t, which is the ambient temperature, should be removed fiom inclusion.
Then Step 3 removesthe variable h, which is the humidity. In the Step 4, the p-values for
F-test and for d| independent variablesin t-test fall into the acceptable range and thus all
of the rest variadblesare kept in the regression equation. Inthe Step 5, the Speed Squareis
removed and the spead is retained as the former resultsin lower correlation coefficient
than the latter one. Therefore, eventudly the emission equation for the aggregate GO
emissons include speed and accelerdtion rate. In addition, only one of the speed related
variable tenns is kept in the final equation based on which one results in a higher
coefficient correlation.

In Table 41, athough sx independent variableterms are initially considered in the
regresson andyss, the ambient temperature and the humidity have to be deleted fiom the
inclusion considering t he statistical requirement. This neans that either these two varidbles
are not related to the aggregate GO emisston rates or the collected emisson data are not
sufficient for establishing rdiable reationships between the GO emissions and the
temperature and humidity. Tables4-2 through 4 8 illustratethe process in performing the
regresson anayss for the other emisson species and vehicle types. It is shown that,
gatigtically, GO and HC emission rates for vehicle type 1 are relaed to speed and
acceleration, GO emisson rate for vehicletype 2 is related to speed only, while QO ad
HC emission rates for vehide type 3 are related to the variable gpeed square only. The
aggregate HC emisson rateis related to gpeed, acceleration, and temperature, and the HC
emisson ratefor vehide2 isrelated to speed and temperature.
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Table4-1: Summary of regression analysis for aggregate CO emissions

LN (CO) = egtcis+easi+esate a+est+egh, Total Number of Data = 1786
u = Speed, a = AccelerationRate, t = Temperature, h = Humidity, €0,€1,€2,€3+€45€s,Cs = Constants
Step 1 Step 2 Step 3 Step 4 Step 5
Coeflicients t-test Coefficients t-test Coefficients t-tent Coefficients t-test Cocfficients | t-test
Ico -2.9099] 0.0000 -2.9090] 0.0000 -2.8346 0.0000 -2.9046] 0.0000 -2.2182] 0.0000]
Ic; 0.0664| 0.0000 0.0664{ 0.0000 0.065¢9 0.0000 0.0656] 0.0000) 0.0300[ 0.0000]
|02 -0.0004| 0.0000 -0.0004] 0.0000 -0.0004{ 0.0000 -0.0004] 0.0000
Ic; -0.0178] 0.0055 -0.0178] 0.0055 -0.0177| 0.0056 -0.0181 0.0044 -0.0184| 0.0042
e 0.0001] 09567
s 0.0006] 0.6704 0.0006| 06692
Ica -0.1233] 0.3020 -0.1228| 0.3025 -0.1484| 0.1497
ICoef. Corrl. R 0.5209 0.5209 0.5208 - 0.5200 0.5100
JF-test 0.0000 0.0000 0.0000 0.0000 0.0000
Table 4-2: Summary of regression analysis foi CO emissions for vehicle type 1
L N (CO1) = ¢cgte,stcas’+esaten’+est+eeh, Total Number of Data = 946
u = Speed, a = Acceleration Rate, t = Temperature, h = Humidity, €e,€1,€2,€3,€4,€5,€¢ = Constants
Step 1 Step 2 Step 3 Step 4 Step 5
Cocfficients t-test Coefficients t-test Coefficients t-tent Coefficients t-test Coefficients t-test
Co -2.7415] 0.0000 -2.7735] 0.0000 -2.7673] 0.0000 -2.893427  0.0000 -2.2493 0.0000
I 0.0653] 0.0000 0.0656] 0.0000 0.0653| 0.0000 0.065474| 0.0000 00312 0.0000
k- 0.0004| 00002 -0.0004] 0.0001 -0.0004|  0.0001 -0.000425|  0.0002
Ic; -0.0271] 0.0028 -0.0271| 0.0028 -0.02714 0.0028 -0.027164 0.0027 -0.0270Q 0.0030
e 0.0005| 0.7983 0.0005| 0799%
ks -0.0003| 08938
|°6 -0.2782| 0.0930 -0.2673] 0.0636 -0.2658| 0.0648
|Cocf. Corrl. R 0.5510 0.5510 0.5510 0.5487 0.5388
Iz-test 0.0000 0.0000 0.0000 0.0000 0.0000




Table 4-3: Summary of regression analysis for CO emissions for vehicle type 2

LN (CO2) = cote s+c8 +esatcai+estteeh, Total Number of Data = 770
u=Speed, a = Accleration Rate, t = Temperature, h = Humidity, ¢o,€4,€2,€3,€4,€8,¢6 = CONStants
Step 1 Step 2 Step 3 Step 4 Step § Step 6 )

Coeff. t-test Coef. t-test | Coeff. t-test Coeff. t-test Coeff. t-teat Coeff. t-test
feo -3.3608 0. 0000 -3.3724 0.000q -3.2219 0.0000| 23.2233 0.0000 -2.9814 0.0000 -2. 1074 0.00001
fo: 0.0749 0.000q 0.075 0.0000 0.0743 0. 000( 0.0749 0.000d 0.07084 0.0000 0.027¢ 0.0000§
f: -0008f 00004 -00006] 00004 -0.000d4 0.0003 -0.0006] 00003 -0.0004 0.0005
|es -0.0082] 0.3760] -0.0082] 03793 -0.0073] 0.4266
e -0.0006]  0.7381
fes 0.0030|  0.1481 0.0030| 0.1519] 00022 02184 0.0022|  0.2160
fes 0.1369] 044370  0.1306] 0.4622 '
ICoef. Corr. R | 04726 0.4725 0.4719 0.4712 0.4696 0.4563
[F-test 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Table 4-4: Summary of regression analysis for CO emissions for vehicle type 3
LN (CO3) = cotc stesn’+esate,a +est+egh, Total Number of Data = 70
u = Speed, a = Acceleration Rate, t = Temperature, h = Humidity, €0,¢1,€2,3,C4:€5,¢¢ = Constants
Step 1 Step 2 Step 3 Step 4 Step S Step 6

Coeff. t-test Coefl. t-test Coeff. t-test Coeff. t-test Coefl. t-test Coeff. t-test
fco -1.8908]  0.1390[ -i1.8762 0.0507] -1.7902]  0.0000{ -1.7601]  0.0000] -1.9736]  0.0000{ -1.97976]  0.0000
k. 0.0048]  0.9216] 0.0047]  0.9215 .
k. 0.0004] 04876 00004 04841 0.0005] 0.0000] 0.0005] 0.0000] 00005 00000 000049  0.0000
I 00204 06860] 00204] 06815 0.0204] 0.6797
fcs 00315 03070 -00316] 02997 00315 0.2971] -0.0245| 03239] -0.0254] 0.3038
fcs 0.0001]  0.9861
fes 0.3996] 06063] -04062] 0546} -0.4043]  0.5447] -0.4362] 0.5080
[Coef. Corrl. R | 0.6004 0.6004 0.6003 0.5989 0.5953 0.5865
[F-test 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000




Table 4-5: Summary of regression analysis for aggregate HC emissions

LN (HC) = cotesteas’ e atea’+esttesh, Total Number of Data = 1117
u = Speed, a= Acceleration Rate, t = Temperature, h = Humidity, €os,€1:€2/€3,€4:C5:¢ = Constants

Step 1 Step 2 Step 3 Step 4 Step 5
Coefficients t-test Coefficients t-test Coefficients t-test Coefficients t-test Coefficients t-test

Ico -6.2404]  0.0000 -6.2405 0.0000 -6.380152 0.0000 -4.9619 0.0000
c 0.0945  0.0000) 0.0945 0.0000 0.095265 0.0000 0.0288 0.0000
C, -0.0004 0.0000 -0.0008 0.0000 -0.00082d 0.0000]
C -0.0414 0.0002 -0.0418 0.0002 -0.042264 0.0001] -0.0445 0.0001
C4 0.0000 0.9949
fcs 0.0087 0.0003 0.0087 0.0003 0.009459 0.0000 0.0079 0.0003
lcs -0.1314 0.5108 -0.1316] 0.5083
Coef. Corrl. R 0.4258 0.4258 0.4254 0.3967
F-test 0.0000 0.0000 0.0000 0.0000

Table4-6: Summary of regression analysis for HC emissions for vehicle type 1

LN (HC1) = cytcistes*+esatea’ test+egh, Total Number of Data = 554
u = Speed, a = Acceleration Rate, t = Temperature, h = Humidity, €y,€1,€3,€3,€4,¢5,¢s = Constants
Step 1 Step 2 Step 3 Step 4 Step §
Coefficients t-test Coefficients t-test | Coefficients t-test Coefficients t-test Coefficients t-test
[ -6.1099]  0.0000 -6.1109] 0.0000 63541 0.0000 -5.717824] 0.0000 -4.4435( 0.0000
fe 0.1043 0.0000 0.1044] 0.0000 0.1055  0.0000 0.099976| 0.0000 0.0303| 0.0000}
2 -0.0009]  0.0000 -0.0009| 0.0000 -0.0009| 0.0000 -0.000882( 0.0000 B

les -0.0405{ 0.0091 -0.0404{ 0.0090 -0.0403| 0.0093 <0.040554( 0.0091 -0.0430{ 0.0069
ks -0.0002] 0.9477
fes 0.0052] 0.1070 0.0052] 0.1068 0.0066| 0.0178
fes -0.2299] 0.3911 -0.2306] 0.3888 :
[Coef. Corrl. R 0.4965 0.4965 0.4954 0.4875 0.4470
[F-test 0.0000 0.0000 0.0000 0.0000 0.0000




Si-v

Table 4-7: Summary of regression analysis for HC emissions for vehicle type 2

LN (HC2) = ¢yt st+eas+eyateialtest+egh, Total Number of Data = 512
u = Speed, & = Acceleration Rate, t = Temperature, h = Humidity, €o,€1,€2,€3,€4,C5:€6 = Constants
Step 1 Step 2 Step 3 Step 4 Step S
Coefficients t-test Cocfficients t-test Coefficients t-test CoefTicients t-test Cocfficicents t-test
o -6.4256 0.0000 6.4214]  0.0000 -6.5449 0.0000 -6.593385| 0.0000 -5.1106) 0.0000
C) 0.0893| 0.0001 0.0890| 0.0001 0.0899]  0.0001 0.091394| 0.0001 0.0250| 0.0000]
c, -0.0008] 0.0055 -0.0008| 0.0052 -0.0008 0.0045 -0.000793| 0.0036
|c; -0.0388] 0.0198 0.0391] 0.0155 -0.0400] 0.0123
fe. 0.0003] 0.9234
ks 0.0124] 0.0009 0.0124| 0.0009 0.0131] 0.0001 0.013294| 0.0000 0.0111] 0.0005
fes -0.1146]  0.7062 -0.1097|  0.7140
[Coef. Corsl. R 0.3745 0.3745 0.3742 0.359 0.3386
F-test 0.0000 0.0000 0.0000 0.0000 0.0000
Tabte 4-8: Summary of regression analysis for HC emissions for vehicle type 3
LN (HC3) = cote s+eas’ +eyatend+estteeh, Total Number of Data = 51
u = Speed, a = Acceleration Rate, t = Temperature, h = Humidity, €o,€1,62,3,C4,Cs,C6 = Constants
Step 1 Step 2 Step 3 Step 4 Step S Step 6
Coeff. t-test Coeff. t-test Coefl. t-test Coefl. t-test Coeff. t-test Coefi. t-test
leo 1.6412 0.6260 1.3565 0.6835 3.0987 0.2610 3.6304 0.1710 3.8704 0.1444] -3.859321| 3.07E-15
le -0.3864 0.0088] -0.3784 0.0096| -0.3924 0.0069]  -0.3921 0.0067] -0.4103 0.0044
fc: 0.0053 0.0052 0.0053 0.0053 0.0054 0.0041 0.0053 0.0042 0.0056 0.0025] 0.000384] 0.048343
s 0.1277 02422 -0.0872 0.3525] -0.0918 0.3264| -0.1006 0.2762
Ca 0.0456 0.4563
Cs 0.0132 0.3701 0.0135 0.3568
lcs 1.5471] 033270 1.7013]  02808]  0.9984]  0.4672
[Coef. Corrl. R | 0.5231 0.5141 0.5001 0.4913 0.4709 0.2778
[F-test 0.0229 0.0141 0.0090 0.0044 0.0024 0.0483




Summary of Regression Analysis

The results of regresson andyss above can be summarized into the following
mathematical equations, which can be usad to calculate the emisson rates of CO and HC
for each vehide typeat each instantaneous speed value and acceleration rate.

Table 4-9: Summary of regresson analysis

GO Aggregate Emisson Rate:
LN(CO)=-2.2182+0.0300u-0.0184a

CO Emisson Rate for Vehicle Type 1:
LN(CO1) = -2.2493+0.0312u-0.0270a

CO Emisson Ratefor Vehide Type 2:
LN(CO2) = -2.1076+0.0270u

CO Emission Ratefor Vehice Type 3:
LN(CO3) = -1.9798+0.0005u°

HC AggregateEmisson Rate:
LN(HC) = -4.9619+0.0288u-0.0445a+0.0075t

HC Emisson Ratefor Vehicle Type 1:
LN(HC1) = 4.4435+0.0303u-0.0430a

HC Emisson Rate for Vehicle Type 2:
LN(HC2) = -5.1106+0.0250u+0.0111t

HC Emisson Ratefor Vehide Type 3:
LN(HC3) =-3.859321+0.0004u?

It should be noted that the emission rate was defined asthe emissonsin the unit of
grams per second. If the derivation of an emisson factor, which represents the emissions
in grams pa mile, is required, the following equation should be used where the EMIm,
representsthe emission factor in grams per mile for the emission species EMI and vehicle

typex.

Equation 4-5
EMIs,
u

EM Im, =




Implications of the ONRQAD Emission Model

The Figures 4-9 to 4-16 illugtrate the emisson factor and emisson rate versus
instantaneous speed for all emisson species and vehidle types. It is shown in these graphs
that dl of emisson rates are monotonicdly increasing functions of the speed. In other
words, the higher the vehicle's speed the more emissons the vehicle will emit per unit
time. On the other hand, the emission factor reachesa minimum value a a speed between
30 and 40 mph. For speeds higher than this minimum point, the emisson factorsincrease
dightly but are dmost flat for dl vehicle types except for vehicle type 3 which observes
more significant increase in emission factors.

The ONROAD emisson modd developed in this chapter represents the on-road
emissons, which are based on specific emisson data collected from five locations in the
city of Houston. It represents the emisson data for a combination of vehicle types and
vehicular technologies of d| vehides forming the emission database. These emission daa
reflect neither certain types of vehicles nor the nationa average conditions of vehicle
types. It only represents five locations in Houston. However, they provide very useful
information for evauating the emisson estimation capabilitiesof exi sti ng emisson modds.

Snce the ONROAD emisson modd is mede sendgtive to esch vehicles
Instantaneous Speed and acceleration, it can be usad to caculate the on-road vehicle
emissons for various traffic scenarios in a- traffic network. For example, if it is
incorporated into a dynamic traffic assgnment or traffic smulation modd which can
generate vehicles gpeed profiles in the traffic networks, the emisson implications of
various traffic control and nanagenent plans in the network as wdl as the demand
scenarioscan then be easily evaluated.



100 0.3
»
90 7

, . / 0.7
T 80 | —&=——CO Emission Factor - =
z — # - CO Emission Rate ’ 5
E 06 S
@ 70 T
13 L
E { 5 (]
k) 60 0 2
g 50 04 2
: :

[

p 40 03 &
4 e
w30 _g
£ 5 0.2 %
w 2 E

10 041

0 - : ' 0.0

0 10 20 30 40 S0 60 70

Speed (mph)

Houre 49 Emisson factor and emisson rate versus instantaneous speed for the
aggregate CO emissons

90 ‘ ; 0.9
. —®—CO1 Emission Factor | J

80 ( A 108
) '~ ®~- CO1EmissionRate ' , | 3
E 07 0.7 8
§e07 106§
2 los §
= %07 05 §
g4t 104 8
o ]
[V
§ 30 los's
2 [ 35
n | A L 2
g 20 - 102 2
w —r L E

071 + 0.1

0 — ; ; — 0.0

0 10 20 30 40 50 60 70
Speed (mph)

Houre 4-10. Emisson factor and emission rate ver sus instantaneousspeed for the
CO emissonsfor vehicletype 1



120

100 1

80 1

60 1

Emission Factor (grams/mile)

20 1

40 T

p—

i

, —€—CO02 Emission Factor |
. __:"‘COZ Emission Rate

I

1

i

R

10

20

30

40

Speed (mph)

50

60

r’O.

6

T 0.

7

5

Figure4-11: Emission factor and emission rate versus instantaneousspeed for the
CO emissionsfor vehicletype2

120
_ ‘. . i
T 100 - ! —€— CO3 Emission Factor i ]
% ; —&—CO3 Emission Rate i L
g 80 1 1
2
S 60 1
[*]
(]
U
- 407 -
5 1
a
E 204 .
0] — 4 — -
0 10 20 30 40 50 60 70
Speed (mph)

- 0.2

0.0

Figure4-12: Emission factor and emission r ate versus instantaneousspeed for the
CO emissionsfor vehiclet ype 3

Emission Rate {grams/second)

Emiscion Rate (grams/second)



12 0.08
— - ‘ 1 0.07 -
7 101 \ ;—*"HC Emission Factor T
E ' —#—HC Emission Rate 1 0.06 §
s 7005 g
T | 5
g 6 T 0.04 -
E - 0.03 E
5 of e
2 K]
@ T002 4
§ 24 E
1001 "

0 : ‘ ‘ — : : 0.00

0 10 20 30 40 50 60 70

Speed (mph)

Fiéure 4-13: Emission factor and emission rate versus instantaneousspeed for the
aggregate HC emissions

10 — 0.09
? °1 ‘ 1 T 0.08
T 8 ] : . —®—HC1 Emission Factor |
@ { . —%—HC1 Emission Rate 0.07
g ’ ‘ 0.06
& 61
S 0.05
5 s |
& 4t 0.04
§ F 0.03
S |
3 31
E 27 0.02
BERE L 0.01
0 | ' ‘ ‘ - 0.00
0 10 20 30 40 S0 60 70

Speed (mph)

Figure4-14: Emission factor and emission rate ver sus instantaneousspeed for the
HC emissionsfor vehicletype 1

Emission Rate (grams/second)



12

10 1

—e—HC2 Emission Factor

—&—-HC2 Emission Rate

Emission Factor (grams/mile)
[o)]

T 0.06

T 0.04
T 0.03

P 0.02

0.08

- 0.07

17 0.05

Emission Rate (grams/second)

0.01

0 10 20

30 40 50
Speed (mph)

60

0.00

70

Figure 4-15. Emission factor and emission rate ver susinstantaneous speed for the

HC emissionsfor vehicletype 2

16
o 14 - ]
z I —o— HC3 Emission Factor / WL
g 12 1 ___ —®—HC3 EmissionRate
€ 1
& 10 J(
5 ol |
i
c 67 1
S
g 4
£ 1
w2+

0 e ; . . ‘

0 10 20 30 40 S0 60 70
Speed (mph)

0.08
0.06

0.04

Emission Rate (grams/second)

0.02

Figure 4-16: Emission factor and emission rate ver susinstantaneousspeed for the

HC emissionsfor vehicletype3

421



As indicated previoudy, the emission factors reach a minimum point & a speed
vaue. This minimum point can be mathematicaly calculated using Equations 4-4 and 4-
5. By substituting the emission rate in Equation 4-4 into the Equation 4-5 and setting the
derivativeof Equation 4-5 to zero, the optimal point of the emission factor can be solved.
The resulting speed vaue for the minimum emission factor is found to take the following
form.

Equation 4-6
Upima = —  for VI, V-land V-2
G
Equation 4-7
1
Unpumat = \|—  for VT -3

2¢,

Equations 4-6 and 4-7 illustrate that a speed vaue that minimizes the vehicle
exhaust emissionsin grams per mile can be theoretically calculated if the coefficientsof
¢, and ¢, are known. Using the coefficient summary in Table 4-9, the optimal speed
values for various combinations of emission species and vehicle types are calculated and
presented in the following table.

Table 4-10: Optimal speed valuesfor minimizing the emissionsin grams per mile

CcO Co1 Cc02 C03 HC HC1 HC2 HC3
Coefficientc, or ¢, 0.0300 0.0312 0.0270 0.0005 0.0288 0.0303 0.0250, 0.0004
Optimum Speed (mph) 33.39 3201 37.07 32.07 34.73 32.98 39.97| 36.07
M nl numMEmission 324914 327724 25.6252| 25.6608 3.6321 3.7168 3.6340| 3.4678
Factor (grams/mile)

The Table 4-10 indicates that by influencing drivers to drive & optimal speed
values in an advanced traffic management scheme can help reduce the overall emission
amounts. Driving at speeds that are either higher or lower than the optimal speed values
are not desired for purely considering the vehicle emission benefits. While it is still
unredlistic to consider influencing drivers driving behavior just for the benefits of
reducing vehicle emissions, the rapid development of Intelligent Transportation Systems
(ITS) technologiesis increasing the potentias for influencing drivers driving behavior in
the foreseen future.



CHAPTER 5: EVALUATION OF EMISSION MODELS

This chapter attemptsto evaluate the existing emisson estimation models based on
the collected on-road emisson data, which is represented, by the ONROAD emission
modd developed in Chapter 4. Since the emission factor models MOBILE and EMFAC
can only generate emission factors/rates based on the standard FTP driving cycles of in-
[aboratory emisson testing as indicated by Figures 2-1 to 2-3, the on-road emissons must
be converted into emisson factors smilar to the MOBILE and EMFAC emisson factors
in order for the comparisonsto befeashle.

Derivation of Emission Factors for Driving Cycles

The MOBILE emisson factors were derived based on the FTP defined driving
cycles. The standard urban driving cyclefor the light duty vehicles and light duty trucksis
characterized by a total of 1371 secondsin traveling a distance of 7.5 miles at an average
speed of 19.6 mph. The correction factors for vehicles driving a other average speed
vaues are derived based on the test of other driving cycles, but essentidly the emisson
factors for the average speed of 19.6 mph are the bags. On the other hand, the urban
driving cyclefor the heavy-duty vehicles consumesatotal of 1060 secondsin traveling 5.5
milesat an average speed of 18.8 mph.

The standard FTP driving cycles assume that a vehicle completes it entire trip
through a trafiic network at various speeds and acceleration rates that are specified in the
cycles. The emisson informations that can be derived from the ONROAD emisson
models are the instantaneous emisson factors or rates. In order to compare the existing
emission factors with the on-road collected emissions, the ONROAD emisson modd is
used to emulate the FTP driving cycles. In other words, the emisson rate at each of the
FTP driving cycle incrementa step is calculated based on the instantaneous speed vaue
and acceleration rate. While the original descriptipn of the FTP driving cyclesin the Code
of Federd Regulation (1986) does not include the acceleration rate, it can be eedly
derived by figuring the differential speed for any two consecutiveseconds.

In the emulation of FTP driving cycles, the temperature and humidity are fixed at
75°F (24°C) and 50% respectively as would adso be usad in implementing emission factor
modes. Figure 5-1 through Figure 5-6 illustrate emulated CO and HC emission rates for
various vehicdle types other than vehicle type 3, while Figure 5-7 and Figure 5-8 illustrate
emulated CO and HC emisson rates for heavy-duty vehicles. It is shown from these
graphs that, without exception, the ONROAD emisson estimation model can catch the
speed trends in the FTP driving cycles. It should be noted that at the speed of zero, dl the
emission rates have non-zero vaues. This vaue can be interpreted as the idling emisson
rate in grans per second, athough this number was virtudly extrapolated from the on-
road emisson data
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The emission rates at each incremental step that were emulated in the above graphs
are summarized for the entire driving cycle. Then the emission factorscan be cdculated by
dividing the total emissonsfor the entire driving cyce by the total distance traveled for
each specific driving cycle. This find emisson factor is comparable with the smilar
emisson factorsin MOBLLE and EMFAC.

Emission Factor Comparisons for Driving Cycles

The MOBILE emissonfactor modd isimplemented by inputting an average speed
of 19.6 mph for the light duty vehiclesand light duty trucks, and an average speed of 18.8
mph for the heavy-duty vehicles. The ambient temperature was fixed to 75°F (24°C), as
was adso used in emulation of driving cydes usng the ONROAD emisson modd. Mogt of
the other required parametersin MOBILE are set to the modd default vaues, which
generdly represent the nationd average conditions. For the implementation of EMFAC,
the 19.6-mph of gpeed is not a vdid input to the modd, as an integer vaue of speed is
required. Thus, 20 mph of speed is used as an gpproximation to the standard FTP average
speed for light duty vehiclesand trucks.

The mgor problem in proceeding the emisson factor comparison effort is the
inconsstency of definitions of vehicle types among the ONROAD, MOBILE and
EMFAC. The ONROAD emisson modd classifiesall vehiclesinto only three typesdueto
the scope of thisresearch, MOBILE incorporates eight vehicle types, and EMFAC uses 13
vehicle types. Therefore, there should be a way in converting all the emission factors for
various vehicle types into a commonly defined vehicle type scheme, so that the emisson
factorsderived from three different modelscan be appropriately compared.

It is assumed that the definition of vehicle types in this research is used for the
emission factor comparison purpose. In other words, three vehicle types are used, which
are named passenger cars, van and pick-up trucks and other trucks. The emission factors
from MOBILE and EMFAC will be combined into the same three vehicle types. For this
purpose, the Houston Galveston Area Council (HGAC) 1993 vehicle's registration report
Is used as a reference for vehidet ype information. Although this report is four years old
and may not exactly represent the on-road vehicle information for our emisson data
collections, it isfelt that actual vehicle types should not deviate too much from this report.
The actud conversion of emission factors for MOBILE and EMFAC is described as
follows.

For the MOBILE, the LDGV will match the VT-1 and LDDV takes no account in
the emission factor calculation. A combination of 75% of LDGT1 and 25% of LDDT will
match the VT-2. A combination of 54% of LDT?2 which includes 70% LDGT2 and 30%
LDDT, and 46% of HDV which includes 60% HDGV and 40% HDDV will match VT-3.
The aggregate emission factor will exclude the effect of motor cycles since no motor cycle
emission datawere collected during the data collection.

For the EMFAC, the emisson factor tha matches VT-1 is conddered a
combination of 50% catayst and 50% non-catayst gasoline vehicles without the effect of
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diesdl vehicles. For W-2, a combination of 50% catalyst and 50% non-catalyst, and 75%
gasoline and 25% diesd vehicles are considered. For VT-3, again, catdyst and non-
caays trucks are each counted 50%, gasoline trucks account 60% and diesel trucks
account 40%, and MDTs account 54% and HDT's account 46%.

Basad on what have been described, the emission factors are derived for VT, VT-
1, VT-2 and VT-3, which are comparable to emisson factors from the ONROAD
emisson modd. Figures 5-9 and 5-10 are the resulting comparisons of CO and HC
emissons for the ONROAD, EMFAC and MOBILE. Generally saying, the ONROAD
emisson mode, which represents the on-road emissons at selected locations in Houston,
resulted the highest emission factors for all vehicle types. In other words, both MOBILE
EMFAC underestimate on-road emissions. It is noted that the FTP driving cycles for the
emission testing take into account the various operating conditions of vehicles such as
cold start, hot start and hot stabilized. However, the on-road emission data collected for
this research are considered to only represent the hot stabilized mode of vehicles. As such,
the emisson factors derived from the on-road emisson data should be lower than the
emission factorsfiom emission factor models, asthe hot stabilized condition is considered
the most emisson efficient. Nonetheless, the emisson factors fiom the ONROAD
emission mode arethe highest.
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Figure 5-9: Comparisonsof CO emissonsfor ONROAD, EMFAC and MOBILE
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Instantaneous Emission Factor/Rate Comparisons

The comparisons of CO and HC emissions described above were based on the
FTP driving cycles. In other words, a vehicle is assumed to complete its entire trip
through an urban traffic network at various FTP defined instantaneous speeds and
acceleration rates. The emission factors derived in this way are called the average
emission factors for short. It is an average emission factor that is required in the
calculation of the network wide vehicle emissidns and in the establishment of mobile
sourceemissioninventories.

Nonetheless, the average emission factors are not sufficient for use in performing
various traffic-engineering tasks. For example, if a traffic engineer attemptsto determine
the traffic signal timings for a series of coordinated traffic signals with an objective to
nn nhze the vehicle exhaust emissions, the calculation of the average emission factors
will not help in determining which signa timing plan is the best. Instead, emission
estimation based on the instantaneous speed profilefor more aggregate vehicle types will
be more useful. In other words, a traffic engineer will be more concerned with how each
traffic control strategy will likely affect the change, either increase or decrease, of
emissionsfor vehicles on road, rather than concerned with the estimation of emissionsfor
each of moredetailed vehicletype and operating classifications.

This is ds0 the case for other traffic control and management strategies such as
freeway ramp metering, HOV lane operation, variable message signs, and even various



ITS applications. For atrafficengineer, atrafficsimulation or optimization moded is often
used in the analysis of various network scenarios and in the determination of traffic
management strategies. Usually, the detailed vehicle types and other parameters that are
required for emission factor models are not required for a standard traffic smulation
modd. Thus, the emission factor modes such as MOBILE and EMFAC are widdy usd
for establishing mobile source emission inventories, but are not useful to a traffic
engineer who wants to determine traffic management strategies with a consideration of
vehicleemissions.

As indicated in Chapter 4, the ONROAD emission model, which represents the
on-road emissions a selected locations in Houston, is designed in a more aggregate
manner for vehicle types and in a smple format that can be easily incorporated into a
traffic smulation modd. If the said traffic smulation mode can produce the
instantaneous speed profile of vehicles in its smulation process, the vehicle emissions
can then be easily tracked throughout the network. Then the emission effect of any
changein either traffic control or the traffic demand scenarioscan be explicitly evauated.
While the format of the ONROAD emission model is rather simple, it is very useful in
performing traffic engineering oriented emission analysisfunctions.

The ONROAD emisson modd developed in this research can generate
Instantaneous emission rates or emission factors. The instantaneous emission factor can
be defined as the emissionsin grans per mile a an instantaneous speed vaue. This
section will compare the instantaneous emission factorlrate for the selected emisson
models including ONROAD, emisson factor models MOBILE and EMFAC, and
emission estimation in traffic smulation models INTEGRATION and TRANSYT. The
INTEGATION and TRANSYT emission models, which wereinitially designed for traffic
simulation purposes, can calculate the instantaneous emission rates, and thus they can be
compared with the emission rates from the ONROAD. However, MOBILE and EMFAC
cannot generate instantaneous emission factordrates. For the purpose of comparisons, the
emission factors at various average speeds derived from MOBILE and EMFAC are used
to compare with the instantaneousemission factordrates of other models. It seems that
the two sets of values are totally different and incomparable. However it is felt that this
comparison does provide some interesting implicationsand observations of the emission
factorsin different models.

All the emission factors that are derived from the implementation of MOBILE
and EMFAC at each average speed vaue can be combined into emission factors for the
vehicletypes VT, VT-1, VT-2 and VT-3, which are defined in this research. The method
to do this was described in the emission factor comparison for driving cycles. The
resulting emission factors can then be converted into emission rates using the soeed
values and Equation 4-5. INTEGRATION can only calculate emission rate for LDGV,
LDGTI and LDGT2. Itsemission rates for LDGV matchesVT-1, for LDGTI are used to
match VT-2 (not exactly the sameas the diesdl vehicles are excluded), and for LDGT2 do
not match any defined vehicle types. On the other hand, TRANSYT only generates one
single emission rate for CO or HC, and thus it is used in the comparisonsof VT, VT-1
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and V-2. It should be kept in mind the potential discrepancy in this comparison that may
be caused by the different representations of vehicle types in different models. Both
INTEGRATION and TRANSYT do not have representation of heavy-duty vehiclesin
calculating emission rates, and thus they will not be included in the comparison of
instantaneousemission factors/rates for VT-3.

Figure 5-11 illustrates the CO emission factorsfor the aggregate vehicle types for
the ONROAD, TRANSYT, MOBILE and EMFAC. It is shown that TRANSYT
estimates much lower emissionst han other models. This is because the development of
TRANSYT emission formulas used only six test vehicles, which were insufficient in
representing real world vehicles. It is interesting to note that MOBILE and EMFAC
generate almost identical trends of CO emissions for the aggregate vehicle types, which
implicates the similar testing procedures that were used in developing emission factor
models. The curve for the ONROAD demonstrates a deviation fiom MOBILE and
EMFAC. At lower speeds, the estimation of CO emission factors fiom the ONROAD is
rather consistent with that of MOBILE and EMFAC. However, with the increase of
gpeeds, the deviation increases. Specifically, MOBILE and EMFAC predicts rapid
decrease of emission factors with the increase of speeds until the speed reaches 55 mph
and then increase sharply after this speed. The ONROAD predicts rapid decrease of
emission factors before the speed of 33 mph and increase rather moderately after this
speed. While the change of emission factors on the two sides of the nmini numpoint is
smooth and continuousfor the ONROAD, it is discontinuous for MOBILE and EMFAC.
It is noted that at lower speeds, emission estimation by the ONROAD overlaps the
emission estimation by EMFAC.

Figure 5-12 illustratesthe CO emission rates for the aggregate vehicle types. The
new emission model demonstrates a continuously increasing emission rates with the
increase of the speeds, while emission rates for MOBILE and EMFAC at speeds lower
than 55 mph are rather flat with a significant increase with speeds higher than 55 mph. It
isfelt that the discontinuouspoint at the speed 55-mph occurred because of the design of
the emission testing for the development of MOBILE and EMFAC. The emission rates
for TRANSY T are much lower t han other models but the curve is an increasing function
of speed, whichissimilar to the ONROAD.

Since the emission results fiom MOBILE and EMFAC represent the average
speeds and the emission results fiom the ONROAD represent the instantaneous speeds,
emissonsfiom MOBILE and EMFAC should be higher than those fiom the ONROAD.
This is because average emisson factors/rates mean that vehicles drive at various
acceleration/deceleration rates in addition to various instantaneouscruise values and thus
the emitted pollutants should be higher than just driving & a single cruise speed vaue.
However, Figures 5-11 and 5-12 demonstrate a different trend.

Figure 5-13 illustrates the emission factors a instantaneous speeds for emission
models that are selected for comparison for vehicle type 1. Similar to TRANSYT,
INTEGRATION predicts much lower CO emission factorsthan other models, which
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means that the emission database for developing INTEGRATION emission estimation
mode is very limited. In fact, the INTEGRATION emission estimation eguations were
developed based on the selected MOBILE outputsfor certain vehicletypes. The trends of
curves for the ONROAD and MOBILE and EMFAC are very similar to Figure 5-11
except for that MOBILE predicts lower emission factorsthan EMFAC for vehicle type 1
Again, both MOBILE and EMFAC expect the lowest emission factor at the speed vaue
of 55 mph, while the ONROAD expects the lowest emission factor a a speed of 32 mph
and a moderate increase of emission factors beyond this speed. Figure 5-14 illustratesthe
emisson ratesfor the same scenario for vehicletype 1. INTEGRATION and TRANSYT
predict much lower CO emission ratesfor the vehiclet ype 1 than other models. MOBILE
estimates|lower CO emissionrate for vehicle type 1 than does EMFAC. It is much easier
to identify theturn ng point of curves for MOBILE and EMFAC a the speed 55 mph.
Obvioudy, MOBILE and EMFAC assume a rather flat emission rates for speeds below
55 mph while a sharp increase in emission rates for speeds higher than 55 mph. On the
other hand, the ONROAD predictsa smooth increasein emission ratesover speeds.

Figures 515 and 5-16 illustrate CO emission factors and CO emisson rates
respectively at various instantaneous speeds for vehicletype 2. It should be noted that
INTEGRATION can only estimate LDGT1 emissions, while other models excluding
TRANSYT can estimate LDT emissions which include both gasoline and diesel based.
The most important difference between Figure 5-15 and Figure 5-13 is that MOBILE
predicts higher CO emission factors than EMFAC in Figure 5-15 while lower CO
emission factors than EMFAC in Figure 5-13. Thisalso explains while the aggregate CO
emisson factors predicted by MOBILE and EMFAC are identica in Figure 11. The
emisson estimations by MOBILE and EMFAC are even further deviated from the
ONROAD for vehicletype 2.

Figures 5-17 and 5-18 illustrate CO emission factors/rates versus instantaneous
speeds for the vehicle type 3, which are virtudly the heavy-duty vehicles. While the
estimates by MOBILE and EMFAC still demonstrate some deviations from the
ONROAD, the difference is much smaller than the previous graphs. In other words,
MOBILE and EMFAC estimate CO emissions more accurately for the heavy-duty
vehicles. Especidly, at lower speed portion of the graphs, CO emission estimates from
three models amost overlap. Since both INTEGRATION and TRANSYT emission
equations did not consider the heavy-duty vehicles at al, they are not incorporated into
these two graphs.
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The Figures 5-19 to 5-26 illustrate comparisons of emisson factors and rates for
hydrocarbon. It is fird noted that & speeds lower than 20 mph, EMFAC ad the
ONROAD estimateamost identica HC emisson factors. Smilar to CO emissons, Fgure
5-19 illugtratesthat both MOBILE and EMFAC assume that the emission factor reachesa
minimum point & the speed of 55 mph. However, the HC emission factor curves for
MOBILE deviates from the curve for EMFAC where EMFAC estimates higher emisson
factors. TRANSYT estimates much lower emisson factors than other models due to its
limited number of sample vehicles. Figure 5-20 illustrates the HC emisson rates for the
aggregate vehicle types. Agan, MOBILE and EMFAC predict a sharp change of the
dopes of curvesat the speed of 55 mph.

The comparisons of HC emissons for vehicle type 1 include INTEGRATION
emisson estimation as shown in Figures 5-21 and 5-22. Different from the CO emissons,
the curvefor INTEGRATION amost'replicatesthe curve for MOBILE. At lower speeds,
HC emisson esimations by the ONROAD and MOBILE and EMFAC are more
consistent. For other speeds (>20 mph), MOBILE and EMFACF egtimate lower HC
emisson factors than the ONROAD, while esimation by EMFAC is higher than
estimation by MOBILE. Figures 5-23 and 5-24 illustrate emission factors and emisson
ratesfor vehicletype 2. It is interesting to note that all the curves have smilar trends but
different vaues. All the emisson modds have ranked in terms of the magnitudes of
emissions factors as ONROAD, EMFAC, MOBILE, INTEGRATION, and TRANSYT.
Figures 5-25 and 5-26 illustrate HC emission factors and emission rates for the vehide
type 3. It isinteresting to note from Figure 25 that MOBILE and EMFAC curves are
admog identica, but are lower than the curvefor the ONROAD. Figure 5-26 demonstrates
that MOBILE and EMFAC estimate rather flat emisson rates for speeds between 20 and
50 mph, whilethe ONROAD observes a smooth and parabolicincreasing emisson rates.



127 | —e— ONROAD-HC
%’ q . — - TRANSYT-HC |
g 107 |+ %--MOBILE-HC
" | — O - EMFAC-HC1
E gt
8
2
-
S 61 X
Q
-]
[V 9
[
471 " :
§ 1 % S -
- ‘,x. ‘.'ﬂ'“ ’
|-IEI 27T .-x-."x---.x E--G--—B--'a'—'a"d
Q BRI TEEE PR PUMSIRUEES i
0 =i el il e e e e fn el e e |

0 10 20 30 40 50 60 70
Speed (mph)

Figure5-19: Emission factorsat variousinstantaneousspeedsfor the aggregateHC
emissions

|

0.08 T ~*~ ONROAD-HC ‘
g | — %= TRANSYT-HC. A
g 0077 -+ %--MOBILE-HC | , .
-] — - i ‘
& 006 1 |_— & - EMFAC-HC1 i
g /
é 0.05} /
] i+
£ 0.04 A
[+4 '/
§ 00371
Q
g " X
é 0.02 -°
W
© 0017
I

0.00 - == M=

0 10 20 30 40 50 60 70

Speed (mph)

Figure 5-20: Emission rates at variousinstantaneousspeedsfor theaggregate HC
emissions



B Emssion Factor (grams/mle)

Figures-21: Emission factorsat variousinstantaneousspeeds for the HC emissions
for vehicletype 1

HC Emission Rate (grams/seco nd)

12 | —&— ONROAD-HC1
a ‘— 4~ INTEGRATION-LDGV
1071 ' -- % - - TRANSYT-HC
— 2% - MOBILE-HC1
81 ' '~ &— EMFAC-HC1
6 1
sl a1
= ay R g
- L‘
2+ - O g o g o
0 4 N i """-*-l-:t...-..;-.-_—_‘:-__—_g:'__"_i
sz el -
0 10 20 30 40 50 60 70
Speed (mph)

0.09 T—— —&—ONROAD-HC1 :
— A — INTEGRATION-LDGV!

0.08

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

|

A ——

|-~ 8- -TRANSYT-HC |
+— % - MOBILE-HCI

| —8— EMEAC-HC

1

+
T [o% _—_-:_-_ _—_.Q:T -_—-#4--4-.— — u—‘= :_i.‘_—_'":.‘:-— & — —4
- esaalionsalioosoliosscliococliocsalscall - M- - W - - N -- -
0 10 20 30 40 50 60
Speed (mph)

Figure 5-22: Emission ratesat various instantaneousspeeds for the HC emissions

for vehicletype 1

70



12 ————— —e—ONROAD-HC2

2 — 4~ INTEGRATION-LDGT1
£107¢ -- @ - - TRANSYT-HC
E L - > - MOBILE-HC2
& 8] —B8— EMFAC-HC2
8
o 6 4
g
5 4l
S 4
7]
@
& 21
Q
b= o

0 -

0

Speed (mph)

Figure 5-23: Emisson factors at variousinstantaneousspeedsfor the HC emissions
for vehicletype 2

0.08 T—— ——ONROAD-HC2 |
= 007 | i~ 4 INTEGRATION-LDGT1!
- - # - -TRANSYT-HC
:.: 006 +  — 7 -MOBILE-HC2 |
2 —B—EMFAC-HC2 |
a 0057 g
B
2 0.04 1 ’
[}
[« 4
£ 003 7 L
o J
-8 ‘ﬁ . /x
€ 0.021 X"
w -X

> eIl == - - - * - -* "

€ 001 e e e ek ——A

0 10 20 30 40 50 60
Speed (mph)

Figure5-24: Emisson rates at various instantaneousspeeds for the HC emissions
for vehicle type 2

-19

v/



HC Emission Factor (grams/mile)

¢ —o=—— ONROAD-HC3 .

.- & --MOBILE-HC3
{ — 4 — EMFAC-HC3

10 20 30 40 50 60

Speed (mph)

70

Figure §-25: Emission factorsat variousinstantaneousspeedsfor the HC emissions
for vehicletype 3

0.12

1
-

o
o
)

o

HC Emission Rate (grams/second)
o o
S £ 8

o

Figure5-26: Emission rates at various instantaneousspeeds for the HC emissions

j —— ONROAD-HC3 |
: - O - -MOBILE-HC3
| — A= EMFAC-HC3

, —
g —a—1

g

A
a

o

10 20 30 40 50
Speed (mph)

for vehicletype3

60

70



CHAPTER 6: FINDINGS AND RECOMMENDATIONS

Chapter 2 provided an overview of the existing emission estimation models and
indicated the merits and shortcomings of each specific modd. Chapter 3 presented an
emission collection effort for the on-road vehicles at five selected.highway locationsin
Houston, while Chapter 4 described the development of the ONROAD emission modd
based on the collected emisson data. Chepter 5 striven to compare the ONROAD
emission factors and rates with various existing emission estimation models especialy
MOBILE and EMFAC. This chapter will summarizewhat has been found in the previous
chapters and provide a recommendation on how the results from this research should be
implementedand what further studies need to be conducted in the future.

Findings From This Research

The research findings can be summarized into four parts. findings related to the
capabilities of existing emission estimation modds, findings related to the emission data
collection and limitations of emission data, findings related to the ONROAD emission
modd, and findings in regard to the evaluation and comparisons of various emission
modes. Thesefindings will be described respectively in the following.

Capabilities of Existing Emission Models

There exists three types of emisson modds, emisson factor modes which
include MOBILE and EMFAC, emission models for traffic smulation which include
INTEGRATION, TRANSYT, NETSIM and so on, and new generation moda emission
modd s which includethe one developed by UC Riverside and the one developed by GIT.
Emisson factor models were developed based on the in-laboratory emission testing of
FTP defined driving cycles and designed to perform various ar quaity planning
functions. They use the average speed as the sole indicator of vehicles moda activities
and thus they are not responsive to a vehicle's instantaneous speed profile and cannot be
used to evauate the emission implications of various traffic control and management
Strategies.

Most of emission models in traffic smulation models are designed to be more
sendtive to a vehicle's ingtantaneous speed and acceleration rate. Therefore, they can be
used to evauate emission implications of various traffic network control and demand
scenarios. They are designed in gppropriate formats that can be easily incorporated into
traffic smulation or dynamic traffic assignment models and most suitablefor performing
various traffic engineering functions. However, the emission database for developing
these models are very specific and limited and do not represent a wide range of vehicle
typesand on-road vehicle combinations.

The new generation 'emission models that are being developed at UC Riverside
and Georgia Tech attempt to be modd .emission modes which have a high levd of
flexibility for applications to both ar quality planning functions and traffic engineering



functions. However, these models are not workable yet and any further evaluation of
these modedls will only be possible after they can be actualy used for the field
applications.

Emission Data Collection

The traditional method in developing emission models is to conduct laboratory
emission testing which is very costly and limited. The remote emission sensing
technology was initially applied in transportation to screen for high emitter vehicles. It is
very convenient and cost effective. With a minimum effort, a large amount of emission
data can be collected. Usually a RES can detect the emission concentrations.

The SMOG DOG used in this research is an infrared RES equipment which can
detect concentrations of HC, CO, and NOx, as well as a vehicle's instantaneous speed
and accelerationrate. However, it cannot detect the vehicle emission rates directly, which
presents an obstacle for us to develop any emission models or evaluate existing emission
models based on these on-road emissiondta

The SCAQMD regresson equations are used to convert the emission
concentrations to emission rates. Although these regression equations were developed
based on limited emission test scenarios and do not perfectly reflect the relationships
between emission concentrations and emission rates, they are the only ones available for
the conversion purpose. It will be the best solution to this problem if the RES can detect
the emission rates directly from the on-road vehicles.

ONROAD Emission Model

The ONROAD emission modd is developed using the collected emission data
and the emission conversion equations of SCAQMD. Three vehicle types are used in
ONROAD emission model, which include passehger cars, van and pick-up trucks, and
other trucks. This classification of vehicle types is based on the videotapes that were
recorded during the emission data collection. Although this classification is not as
detailed as the one in MOBILE and EMFAC, it is sufficient for traffic engineering
purposes. A traffic engineer is more concerned with the aggregate emission effect of any
traffic control and management strategies as opposed to emission inventory of more
detailed vehicletypes.

The advantage of using on-road emission data for emission model developmentis
that these data will naturally represent the combinations of various vehicle types, ages,
and technologies. In other words, the on-road emission data reflect a realistic on-road
vehicle population. The ONROAD emission model is designed as an exponential format
and the emission rate is made a function of a vehicle's instantaneous speed, acceleration
rate and/or ambient temperature.



Since the ONROAD emission model represents the on-road emissions, it can be
used to evaluate the accuracy of existing emission modelsin representing on-road vehicle
emissions. It isalso in aformat that can be easily incorporated into a traffic simulation or
a dynamic traffic assgnment model so that the emission implications of various trfic
control and management strategies can be evaluated. It should be noted that the
ONROAD emission modd only estimates the vehicle tailpipe exhaust emissions and
none of other emissions such as evaporative emissions, resting emissions, and running
emissions areincluded.

While the ONROAD emission modd initialy intended to establish relationships
between the emission rates and al of the availableindependent variablesincluding speed,
acceleration, temperature, and humidity, most of the finally resulting emission equations
include only two of them. Specifically, humidity is not included in any of the final
equations, temperature is included in only two equations, and acceleration is included in
four equations. This result is due partly to the insufficient database or the bad qudity of
the collected data. However, the successful inclusion of the instantaneous speed into the
emission estimation is the most importation part in the emission model devel opment.

Evaluationof Existing Models

The ONROAD emission modd is used to emulate FTP defined driving cycles o
that the emission factors can be derived which are comparableto the emission factors of
MOBILE and EMFAC. The comparisonsof emission factorsindicate that both MOBILE
and EMFAC underestimate the on-road vehicle emissions. For most of vehicle types,
MOBILE estimateslower emissionsthan EMFAC.

In the comparisons of instantaneous emission factors and emission rates,
TRANSYT estimates the lowest emissions for al vehicle types and emission species.
This is because TRANSYT used only six sample vehicles in the development of its
emission equations and thus the representativenessof these equations are very limited.
Therefore, the emission estimation of TRANSYT is far lower then the redlistic on-road
emissions.

At speeds lower than 20 mph for passenger cars, the emission estimation by
MOBILE and EMFAC are consistent with the ONROAD emissions. With the increase of
speeds, the deviation between the MOBILE and EMAFC, and ONROAD increases and
reachesthe maxi numat the speed 55 mph. Beyond the speed 55 mph, the deviation gets
closer agan. For van and pick-up trucks, the trends of curves are similar to those for
passenger carsexcept for that thereis no overlap of curvesat low speeds.

While both MOBILE and EMFAC estimate lower CO emissions than the
ONROAD, EMFAC’s egtimation is higher than MOBILE for passenger cars and
MOBILE’s estimation is higher than EMFAC for van and pick-up trucks and other
trucks. MOBILE and EMFAC estimate that CO emission rates are flat for speeds lower
than 55 mph and increase sharp thereafter, while the ONROAD emission rates



demonstrate a more smooth increase with the increase of speeds. For the vehicletype 3,
estimations of CO emissions from 'both MOBILE and EMFAC are very close to
ONROAD emission ratesespecially at lower speeds.

For HC emissions, while the emission estimations from MOBILE and EMFAC
show some degree of deviation from the ONROAD, the estimation from EMFAC is
always higher than the estimation from MOBILE except for the vehicle type 3 where the
estimations from two emission factor modelsare identical.

INTEGRATION estimates much lower emissions than ONROAD especialy for
CO emissions. For HC emissions, the estimation from INTEGRATION is much higher
than TRANSY T but still lower than MOBILE, EMFAC, and ONROAD.

Therefore, all the existing emission estimation models underestimate on-road
emissions. While the estimations from MOBILE and EMFAC are closer to ONROAD
emissions in general, estimations from EMFAC is higher than the ones from MOBILE
for most of vehicletypes.

Recommendations

Two types of recommendationsare provided in the following: recommendations
for implementationand recommendationsfor further work.

Recommendation for Implementation

From all findings derived from this research, the following recommendationsare
provided for the purposes of implementationin TxDOT:

1. For the purpose of establishing the mobile source emission inventory, the emission
factor model MOBILE should be continuously used. It is the only moded that can
generate emission factors for detailed vehicle types and other parameters. But it
should be recognizedthat MOBILE underestimateson-road emissions.

2. For evaluating emission implicationsof traffic control and management strategies, the
ONROAD emission equations can be used. The use of ONROAD should be in
conjunction with a traffic simulation or a dynamic traffic assignment mode!.

3. SMOG DOG should be used routinely for collecting on-road emission data at various
highway locations of Texas in order to establish more reliable source of on-road
vehicle emission dat a

Recommendation for Further Work
Thefollowing work is recommended to further this research:



1.

A Strategic plan should be established in regard to the collection of on-road emission
data from various locations in Texas. The remote emission sensor is considered the

most cost-effective equipment for performing this task.

A traffic smulation or adynamic traffic assignment model should be selected that can
be optimally used for TxDOT in conjunction with the ONROAD to evaluate the
emission implications of traffic network control and demand scenarios.

Conversion equations from emission concentrations to emission rates should be
improved in order to derive more accurate emission rates for on-road vehicles.
Alternatively, this problem can aso be solved if the remote emission sensing
technology is further advanced such that the emission rate information can be directly
recorded from the RES equipment.



REN(

Al-Deek H.M., Wayson R.L., Cooper C.D., Kedy D., Traynelis R., Liu P.S,
Malone L., and Datz A., "A Queuing Algorithm for Calculating Idling Emissions in
FLINT - the FLorida INTersection Air Quality Modal," 76#2 Annual Transportation
Research Board Medting (Washington, D.C., January 1997).

An F., Bath M., Norbeck J, and Ross M., "The Development of a
Comprehensive Modal Emissions Model: Operating Under Hot-Stabilized Conditions,”
76th Annual Transportation Research Board Meeting (Washington, D.C., January 1997).

Barth M., Younglove T., Wenze T., Scora G., An F., Ross M., and Norbeck J.,
"Analysis of Modal Emissions from a Diverse In Use Vehicle Flegt" 76" Annual
Transportation Research Board Meeting (Washington, D.C., January 1997).

Baker M.A., "Fuel Consumption and Emission Models for Evaluating Traffic
Control and Route Guidance Strategies,” Master Thesis, Department of Civil
Engineering, Queen's University (Kingston, Ontario, Canada, 1994).

Barth M., Younglove T., Wenze T., Scora G., An F., Ross M., and Norbeck J,
"Analysis of Modal Emissions from a Diverse In Use Vehicle Flest” 76t Annual
Transportation Research Board Meseting (Washington, D.C., January 1997).

Bishop G., Beaton S, Peterson J., Guenther P., McVey |., Zhang Y., and Stedman
D., "Results of 1991 CO and HC Remote Sensing in California,"" Proceedings of the 4®
CRC On-Road Vehicle Emission Workshop in San Diego, CA (Coordinating Research
Council, Inc.: Atlanta, GA, 1994).

CARB, " Technologies to Improve the Detection of High-Emitting Vehicles in a
Vehicle Inspection Program,™ California Air Resources Board (December 1992).

CARB, "Methodology for Estimating Emissions from On-Road Motor Vehicles,"
VolumeI-V, Prepared by Technical Support Division, Mobile Source Emission Inventory
Branch, California Air Resources Board (February 1996).

Cicero-Ferandez P. and Long JR., "Moda Acceleration Testing on Current
Technology Vehicles" Air and Waste Management Specialry Conference( Pasadena, CA,
October 1993).

Cicero-Ferandez P. and Long JR., " Instantaneous and Short Term Emission Rates
Observed During Moda Acceleration Testing,” Fourth CRC On-Road Vehicle Emission
Workshop (San Diego, CA, March 1994).

Code of Federal Regulation, ' Title 40-Protection of Environment,” § 86.2500.



Courage and Wallace, “TRANSYT-7F Users Guide," Transportation Research
Center, University of Florida (December 1991).

Dawson JA.L. and Brown F.L., " Electronic Road Pricing in Hong Kong," Traffic
Engineering & Control {1985): 522-529.

Fieber J.,, Autin B. and Heiken J., "' Characteristicsof MOBILE4 and EMFACTE
Models™ Transportation Planning and Air Quality Conference Proceedings (Santa
Barbara, CA, 1991).

Hayter A.J., "Probability and Statistics for Engineers and Scientists,” PWS
Publishing Company (1996).

Houston-Galveston Area Council, “1993 Vehicle Registration Report™ (1994).

Imada, T. and May A.D., FREQ8PL - A Freeway Priority Lane Simulation
Modd," UCB-ITS-TD-85-1 (University of California, Berkeley, California, March
1985).

Jack M.D., Ahlgren W., Alves JF. and Palen E.J, "Remote and On-Board
Instrumentation for Automotive Emissions Monitoring,” 75" Annual Transportation
Research Board Meeting (Washington, D.C., 1995).

Kely N.A. and Groblicki P.J., ""Real-World Emissions from a Modem Production
Vehicle Driven in Los Angeles,” Journal of the Air and Waste Management Association,
Voal. 43 (1993): 1351-1357.

McGill R., “Fuel Consumptionand Emission Values for Traffic Models," Federal
Highway Administration, U.S. Department of Transportation (May 1985).

May A.D.,"Trdfic Flow Fundamentals," Prentice Hall (1990).

Penicc MAA. and Upchurch J, “TRANSYT-7F: Enhancement for Fue
Consumption,” Pollution Emissions and User Costs, Transportation Research Record
1360 (1992): 104-111.

Rathi AK. and Santiago A.J, "The New NETSIM: TRAF-NETSIM,” TRB 68th
Annual Meeting (Washington D.C., 1989).

Rillings, JH. and Lewis JW., “TravTek,” Vehicle Navigation and Information
SystemsConference Proceedings, Dearbom, Michigan, VNIS 912819 (1991).

SBRC, ""Remote Emissions Sensor RES SMOG DOG User's Manud,” Hughes
SantaBarbara Research Center (December 1995).



Skabardonis A., "A Modeling Framework for Estimating Emissions in Large
Urban Aress," 76t Annual Transportation Research Board Meeting (Washington, D.C.,

January 1997).

Sorbe N., "Hughes Employee Vehicle Exhaust Remote Sensing and Emissions
Evaluation Project,” Report Prepared for the Mobile Source Air Pollution Reduction
Review Committee (MSRC) Under the 4B2766 Program, Hughes Environmental
Systems, Inc. (December 1995).

StephensR., “FTP Emissions Variability and the Significanceto Remote Sensing
Measurements," Proceedings of the Third Annual CRC-APRAC On-Road Vehicle
Emissions Workshop In San Diego, CA (Coordinating Research Council, Inc.: Atlanta,
GA, 1992): 5-87 - 5-111.

Stephenson A.R. and Dresser G.B., " State-Of-The-Practice on Mobile Source
Emissons Modes"” Research Report No. 1279-3 for the Texas Department of
Transportation, Texas TransportationIngtitute (College Station, Texas, 1994).

US EPA, "User's Guideto MOBILESA,” Mobile Source Emissions Factor Model
(March 1993).

US EPA, "Supplement A to Compilation of Air Pollutant Emission Factors,
VolumeII: Mobile Sources,” (January 1991).

Van Aede M. "INTEGRATION User's Guide' Department of Civil
Engineering, Queen's University (Kingston, Ontario, Canada, August 1994).

VenigallaM., Pickrell D., and Schoeneberg D., " Implicationsof Transient Mode
Duration for Spatially Disaggregated High Resolution Emission Inventory Studies,” 76tA
Annual Transportation Research Board Meeting (Washington, D.C., January 1997).

Wegs B. and McGill R, "Prediction of Driving Cycle Emisson and Fud
Consumption from Data-Based Modal Moddls,"" 76t Annual Transportation Research
Board Mesting (Washington, D.C., January 1997).

Wicks D.A. and Liebermann E.B., "Development and Testing of INTRAS™
Volumes 1-4, FHWARD-80/106, Federa Highway Administration (Washington, D.C.,
October 1980).

Yu L., "Air Qudity Based Approach for Traffic Management Strategies,” The
Proceedings of 1997 ASCE Traffic Congestion and Traffic Safety in the 215t Century
Conference(Chicago, lllinois, June 1997): 479-48s.

Yu L., "Remote Vehicle Emission Sensing for Evaluating ATMS Strategies,' The
Proceedingsof Eighth ITS America Annual Mesting (Washington, D.C., 1997).




Yu L. and Van Aede M., "Dynamic Modeling of Traffic Networks in Route
Guidance for System Time Optima and User Time Equilibrium™, Proceedings of the
Seventh ITS America Annual Meeting (Houston, Texas, 1996): 198-209.

Yu L. and Stanley Burrier, "Vehicle Emission Sensing and Evaluation Using the
Smog Dog in Houston,” SPIE: Transportation Sensors and' Controls: Collision
Avoidance, Traffic Management, and I TS, Volume 2902 (Boston, MA, 1996): 219-230.

YuL. and Stewart J.A., “A New Methodology for Routing Vehiclesin IVHS with
Environmental Objectives,” Proceedings of ITS America 5th Annual Meeting
(Washington D C March 1995): 1147-1160.

R-4



APPENDIX A: A MOBILE INPUT FILE

1 PROMPT

pamonscracion Of output fornmat 4 (80-col umm descriptive),

1 TAMFLG

1 SPDFLG - -

L MELAG Italic: Control section

' HEREG Underline: One-time Data section
1 NEWFLG

1 IMFLAG Normal: Scenario section

1 ALHFLG

1 ATPFLG

1 RLFLAG

2 LOCFLG - LAP record will appear once, in one-time data section.

2 TEMFLG

4 OUTFMT - 80-col um descriptive format.

4 PRTFLG - Print exhaust HC, CO and NOx resulcs.

1 IDLFLG

1 MMHFLG - Cal cul ate Total hydrocarbon emissions factors

2 HCFLAG - Print sumand conponents.

Scenariotitle. C 72. 92, 11.5 08.7 92 1 1 1 Local Area Parameter record
196 2.5 75.0 20.6 27.3 20.6 01 Scenari o description record
196 5.0 75.0 20.6 27.3 20.6 01 Scenari o description record
196 10.0 75.0 20.6 27.3 20.6 01 Scenari o description record
196 15.0 75.0 20.6 27.3 20.6 01 Scenari o description record
1 96 20.0 75.0 20.6 27.3 20.6 01 Scenari o description record
1 96 25.0 75.0 20.6 27.3 20.6 01 Scenari o description record
196 30.0 75.0 20.6 27.3 20.6 01 Scenari o description record
196 35.0 75.0 20.6 27.3 20.6 01 Scenari o description record
1 96 40.0 75.0 20.6 27.3 20.6 01 Scenari o description record
196 45.0 75.0 20.6 27.3 20.6 01 Scenari o description record
1 96 50.0 75.0 20.6 27.3 20.6 01 Scenari o description record
1 96 55.0 75.0 20.6 27.3 20.6 01 Scenari o description record
1 96 60.0 75.0 20.6 27.3 20.6 01 Scenari o description record
1 96 65.0 75.0 20.6 27.3 20.6 01 Scenari o description record

0000000000000000000000000000000000000000000000000000000000000000000000000000000000



APPENDIX B: A MOBILE OUTPUT FILE

1 Denonstration of output format 4 (80-~column descriptive).
MOBILESa (26-Mar-93)

0

-M 52 Warning:

+ 0. 100

OScenario title.

speed increased to 2.5 nph m ni num

M ni mum Tenmp: 72. (F) Maxi mum Tenp: 92. (F)
Period 1 RVP: 11.5 Period 2 RVP: 8.7 Period 2 Yr: 1992
0Total HC enission factors include evaporative HC em ssion factors.
0
OEmission factors are as of Jan. 1st of the indicated cal endar year.
0Cal. Year: 1996 Regi on: Low Al titude: 500. Ft.
I/ M Program No Anmbi ent Tenp: 75.0 / 75.0 / 75.0 F
Anti-tam Program No Operating Mde: 20.6 / 27.3 / 20.6
Ref ormul ated Gas: No
Oveh. Type: LDGV LDGT1 LDGT2 LDGT  HDGV LDDV  LDDT HDDV MC  All Veh
-
Veh. Spd.: 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
VMT M x: 0.629 0.182 0.084 0.031 0.003 0.002 0.062 0.007
OComposite Eni ssion Factors (Gm/Mile)
Total HC 15.92 19.09 27.25 21.68 34.85 1.61 2.31 5S.46 13.44 17.31
Exhst HC 9.42 11.66 17.35 -13.46 17.71 1.61 2.31 5.46 10.81 10.48
Evap. HC:. 0.27 0.34 0.45 0. 38 1.a7 2.29 0.35
Refuel HC: 0.17 0.23 0. 23 0.23 0.39 0.18
Runing HC. 5.99 6. 80 9.16 7.55 14.78 6.24
Rsting HC: 0.07 0. 06 0. 06 0. 06 0.10 0.34 0.06
Exhst CO:117.19 147.20 225.05 171.83 286.44 5.57 6.40 38.84 149.39 131.88
Exhst NOX:  2.37 2.64 3.25 2.83 4.64 2.81 3.27 23.59 0.95 3.88
OEmission factors are as of Jan. 1st of the indicated cal endar year.
oCal. Year: 1996 Regi on: Low Al'titude: 500. Ft.
I/M Program No Anmbi ent Tenp: 75.0 / 75.0 / 75.0 F
Anti-tam Program No Oper ati ng Mde: 20.6 / 27.3 / 20.6
Ref or mul ated Gas: No
OVeh. Type: LDGV LDGT1 LDGT2 LDGT HDGV LDDV LDDT HDDV MC All Vveh
Veh. Spd.: 5.0 5.0 5.0 5.0 5.9 5.0 5.0 5.0
VMT Mx: 0.629 0.182 0.084 0.031 0.003 0.002 0.062 0.007
0Composite Em ssion Factors (Gm/Mile)
Total HC 7.34 9.08 12.81 10.26 20.3s6 1.42 2.03 4.80 9.37 8.35
Exhst HC 5.03 6.31 9.39 7.29 14.11 1.42 2.03 4.80 6.73 5.89
Evap.  HC: 0.27 0.34 0.45 0. 38 1.87 2.29 0.35
Refuel HC: 0.17 0.23 0.23 0.23 0.39 0.18
Runing HC: 1.80 2.13 2. 67 2.30 3.89 1.87
Rsting HC: 0.07 0. 06 0. 06 0. 06 0.10 0.34 0.06
Exhst CO 62.07 77.81 118.14 90.57 228.87 4.55 S.22 31.70 86.06 72.86
Exhat NOX: 1.94 2.16 2.70 2.33 4.76 2.53 2.94 21.20 0.85 3.32
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APPENDIX C: AN EMFAC INPUT FILE

PARAM 1996 1996 1

SPEED 2020 1 0 o0 O O 0 O
RUNTEMP 75 75 175 75 175 75 1
STRTTEMP 75 75 175 75 175 75 1
DEWPOINT .... NA .....

C-1



1 EMFACTF EMISSION FACTORS
1996- SUMVERTI ME

YEAR

POLLUTANT NAME: TOTAL ORGANI C GASES
SPEED

MPH

5
10
15
20
25
3o
35
40
45
50
55
60
65

22

-
[ %]

® bW WwdhdbA gD

TABLE 1:

LI GHT DUTY AUTCS
NCAT

.28
.16
.74
.14
.12
.33
.71
.28
.04
.93
.75
.79
.07

OO0 000000000 QM=

CAT DI ESEL
.12 0.93
.53 0.73
.37 0.59
.31 0.48
.29 0.40
.27 0.35
.24 0.30
.20 0.27
.17 0.25
.15 0.23
.17 0.22
.27 0.22
.78 0.22

POLLUTANT NAME: CARBON MONOXI DE
LI GHT DUTY AUTOS
NCAT

SPEED

MPH

5
10
15
20
25
30
35
40
45
50
55
60
65

195,
97.
65.
50.

.63

.78

.68

.20

24 .

.88

21.

40.

41
34
29
26

22

91

82
81
80
92

11

30
13

.74

-
N

D W NN MNMNNNWWSREOM

CAT DI ESEL
.01 4.66
.70 3.21
.60 2.32
.59 1.75
.01 1.38
.62 1.14
.31 0.99
.09 0.90
.98 0.85
.06 0.84
.50 0.88
.87 0.95
.71 1.08

APPENDIX D: AN EMFAC OUTPUT FILE

LI GHT DUTY TRUCKS

NCAT

[
~

OV W N W wwwd 1o

.43
.68
.10
.85
.01
.33
.80
.44
.25
.16
.98
.73
.28

LI GHT DUTY TRUCKS

NCAT

143
73
50

31

18
16
15
13
24
55

.88
.20
.44
39.
.31
25.
20.
.07
.49
.52
.82
.29
.54

10

31
91

-
v

-

O 0000000000 M

N W NN WWS e

CAT

.57
.74
.51
.44
.41
.38
.34
.28
.24
.21
.24
.38
.14

CAT

.08
.25
.68
.48
.80
.32
.93
.62
.46
.54
.11
.00
.20

DI ESEL

[T — I — T — Y — Y — T = — T — O — D — I — ]

.88
.69
.55
.45
.38
.33
.29
.26
.23
.22
.21
.21
.21

DI ESEL

-0 0 0 0 00 KIKFMFENWS

.56
.15
.27
.71
.36
.12
.97
.88
.83
.83
.86
.93
.06

UNITS: GRAMS PER M LE
MD. DUTY TRUCKS
NCAT

N W W W wwwd N NY

.87
.97
.35
.08
.21
.48
.91
.53
.33
.24
.05
.79
.40

- O 00000000 OK+N

CAT

.23
.07
.74
.63
.59
.55
.49
.42
.35
.32
.35
.54
.51

HEAVY DUTY TRUCKS

NCAT

R RRENN WS OOWM

.02
.84
.72
.79
.55
.75
.22
.86
.63
.49
.42
.41
.46

UNITS: GRAMS PER M LE
MD. DUTY TRUCKS
NCAT

165
84
58
46
37
30
25
22
20
19
17

30.

69

.09
.07
.73
.25
.46
.48
.31
.06
.44
.55
.49
38
.46

-

-

b NN RNMNNNNWWON g W

CAT

.36
.27
.01
.97
.39
.97
.62
.34
.18
.25
.76
.50
.21

RUN DATES: REPORT 12/13/93

SUMMVERTI ME RUNNI NG |/ M EXHAUST EM SSI ON FACTORS AT 75 DEG F

C 0O 00000000 PMEN

CAT

.99
.96
.34
.95
.71
.55
.44
.37
.32
.30
.28
.28
.29

DI ESEL

= e NN WS N

HEAVY DUTY TRUCKS

NCAT

224.
149.
.92
17.

104

61
50
414

41

63

35
26

92

.14
.69
.40
q1.
40.
.50
45.
52.
.64

09
17

30
23

N
A'- 2 SN -JES )

NNV e

CAT

.68
.41
.94
.61
.54
.25
.48
.07
.96
.12
.59
.44
.85

.69
.25
.21
.46
.90
.49
.18
.95
.79
.67
.60
.57
.57

DI ESEL

37.
25,
18.
13.
.03
9.
.90
.16
.79
.73
.99
.60
.64

11

[--IES - W - T WP RN |

15
61
48
96

13

URBAN BUS
DI ESEL

NN RNRODNWWWDNON®®Oo

URBAN BUS
DI ESEL

66

33
24
19
16

12

12.
12.

o 12
13
15

.69
.39
.74
.53
.63
.97
.48
.12
.86
.67
.56
.50
.50

.36
45.

75

.02
.94
.1
.30
14.

11

.79
12 .

03

.49
.58
.44

MCY
ALL

O e DN WNY

52
25
16

12.

10

Wi

.50

.01

.53
.86
.45
.14
.89
.71
.61
.56
.50
.32
.91

MCY

ALL

.45
.22
.56
70
.40
.73
.47
.60
.08
.85
.66
.08
.65



‘Column

@S AV AW -

04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-199¢6
04-29-1996
04-29-1996
04-29-1996
04-29-199%6
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-1996
04-29-199%6

11

APPENDIX E: A SAMPLE OF COLLECTED EMISSION DATA

S

NOPLATS
DUF4GQP
430YUV
GGX16F
MLFO1D
KA0991
0334TD
HLM97L
5902YY
HRV32X
V3P73K
v
KvVGSev
HKTS1D
vv2222
KFJS522
900XYU
§TZ33P
NV9431
GH2027
DCM73V
HiB47Z
NOPLATRB
1 4
NOPLATE
CK7537
CLX90L
GHF20N
VZJ84K
MR2045
pules2
u
6820XC
BYOS585
u

U
84512v
BM2669
KHC35B
DT9877
u
MKG24R
JXD24P
MXH23T
1465¥D
58313317
u

u
PRY41IM
u

999.
Q.
Q.

999.
1

999.

999 .
999 .

999 .

999.

999.
999.
999 .
.19

.00
999

.47

99999

99999

205

99999
99999
99999

77

99999
460

99999
99999
99999

340

76

99999
99999
99999
99999

99999
99999
99999
99999

2850

QOOPOOQQ°°°°QOOOQOOOQOOOQOOOOO”OOOOOOUOOOOOPU‘OOOOO

L9744
.6014
.0196

0317

. 1446
.4591

0870

.4069
.0350
.0264
.0047
.0345
.5648

0039

.0041

0009
0926

.0064

0230
1084
0187
0848

. 0681
.38s2
.0182
.2962
3595
.0726
L0126

0270
0711
0738
0157
4578

.0206

0045

.0637

5546

-0196

4758
0490

-2212

1667

.0112
L0924
.0120
. 0265

0545
0194
2754

10

1323
.0020
.0009
.0055
.0006
.0557
.0020
.0010
.0017
.0002

.0002

.0002

.0845
.0009
.0002
.0013
.0022

.0001

.0014

.0024

.0057
.0102

.0156
.0037
.0005
.0006,
.0059
.0032

.0022

.0027
.00SS
.0030
L0138
.0031
.0000
.0010
L0015
.0007
.0007
.0026
.0032

0018

.0084
.0011
.D006
.0223
.1384
-0098
.0016
-0226

~—_—0 A OO0 D OO0 MMmMOOO 00000 WORDOOOOWwWOmMMEMOONNOOOOODO OGN

11

.4752
4787
.3679
.1364
.2197
.0189

1772
3205
7677
0840
4358
8852
0070
9551
0740
2474
2791
2768
4427
1788
31666
1694

.1491

0311

.5995

0100

L1754
.5312
.8177
.5879
.4075

15280

L2266
.2463
.13
.0436
.0343
.6970
.9516
.221
.0800

1056
1526
6605
7860
0360
2229
6107
2714

.1360

12

3174
0192
0625
0418
0447
1085
0967
1521
0729
0714
0469
1361

. 0595
.0768
.0745

0714

. 0423

0743
1209
1878

.0465
. 0849
.0578
.0765
.0908

1359

-0914

0463
0867
0397
0474
0970
0772

L1179

0677
0837
0867
3899

. 0948

0973
1613

.07686

0519

. 0828
.220)
. 0549
.4354

1051
0627
3367

QOO0 00000000 LOREORECOOROROORC000RO0OEEOO0OOOQROOSOSCQROBOOOOD

13

-9970
.0037
L0158
. 0060
.0019
.0042
. 0030

0144

.0152
. 0080

0052

.0152
.0120
.0207
.0128
. 0199
.0038

0054
0180
0125
0076
0176

.0145

0202

.0062
0121

0109
0050
0107

.0083

0112
0134
o116

.0111
.0114
.0179
L0134
.0160
L0131

0151

.0183
.0109

0088

.0144
L0114
.0146
.0638
.0163
.0078
. 0286

57.

14

13 16

.00 999.00
.10 0.5
.27 1,05
.46 0.21
.72 -0.86
.50 -0.74
.75 -1.37
.44 0.00
.61 o1
.52 1.70
.41 1.70
.30 -0.29
.03 0.79
.80 2.06
.90 1.7
.32 1.03
.82 -0.74
.47 1.11
.56 1.37
.94 1.28
.34 0.16
.47 -0.95
.99 -0.04
.41 -3.11
.18 0.98
.63 0.16
.17 -0.86
.51 1.39
.85 0.6}
.13 -0.25
.36 0.20
.08 1.39
.87 -0.60
.77 -1.74
.48 0.79
.74 1.29
.38 1.09
.13 1.99
.12 3.93
.07 1.99
.1 1.41
.41 0.3
.30 -1.07
.65 2.717
.41 0.98
.73 -0.68
.99 1.9
.48 -0.68
.3 1.66
.59 1.62

17

99999
99999
99999
99999
99999
99999
99999
99999
99939
300
395
92
99999
99999

19

0.0000
0.0050
-0.0200
0.0260
0.0440
9.9900
0.0410
0.0260
0.0050
0.0020
0.0020
0.0000
-0.2990
0.0060
-0.0030
-0.0110
0.039%0
0.0010
-0.0170
0.0000
0.0190
0.0920
0.0320
-0.2920
0.0070
0.0090
-0.0390
-0.0130
-0.0060
0.0070
-0.0100
0.0000
0.0130
0.0180
-0.0010
0.0060
0.0050
-0.0070
0.0230
-0.0680
0.0070
0.0500
0.0200
0.0010
-0.0070
-0.1590
-0.0080
0.0170
0.0120
0.0010

Q00RO OO0000000000000000000O00IROOCOEOCDOLOEO0DO0DB0000

0000
0000
0000
0000
0000
0000

.0000

0000



APPENDIX F: A SUMMARY OF ONROAD EMISSION RATES

Speed CO CO1 C02 CO03 HC HC1 HC2 HC3

5 0.1264 0.1233 0.1391 0.1398 0.0123 0.0118 0.0139 0.0211
10 0.1468 0.1441 0.1592 0.1450 0.0123 0.0118 0.0139 0.0211
15 0.1705 0.1685 0.1821 0.1541 0.0123 0.0118 0.0139 0.0211
20 0.1981 0.1970 0.2084 0.1678 0.0123 0.0118 0.0139 0.0211
25 0.2301 0.2303 0.2385 0.1872 0.0123 0.0118 0.0139 0.0211
30 0.2672 0.2692 0.2730 0.2139 0.0123 0.0118 0.0139 0.0211
35 0.3104 0.3147 0.3124 0.2506 0.0123 0.0118 0.0139 0.0211
40 0.3606 | 0.3679 0.3575 0.3007 0.0123 0.0118 0.0139 0.0211
45 0.4188 0.4301 0.4092 0.3697 0.0123 0.0118 0.0139 0.0211
50 0.4865 0.5028 0.4683 0.4658 0.0123 0.0118 0.0139 0.0211
55 0.5651 0.5878 0.5359 0.6013 0.0123 0.0118 0.0139 0.0211
60 0.6564 0.6872 0.6133 0.7952 0.0123 0.0118 0.0139 0.0211
65 0.7624 0.8034 0.7018 1.0777 0.0123 0.0118 0.0139 0.0211
70 0.8856 0.9392 0.8032 1.4964 0.0123 0.0118 0.0139 0.0211
75 1.0287 1.0980 0.9192 2.1289 0.0123 0.0118 0.0139 0.0211

Note 1: Speed isin the unit of mph and emission rate isin the unit of grams per second

Note 2: CO and HC = Aggregate CO and HC emission rates

COl and HC1 = CO and HC emission ratesfor vehicletype 1, passenger cars
C02 and HC2=CO and HC emission ratesfor vehicletype 2, van and pick-up trucks
C03and HC3=CO and HC emission ratesfor vehicletype 3, other trucks




APPENDIX G: A SUMMARY OF ONROAD EMISSION FACTORS

CO1

Speed [CO C02 CO03 HC HC1 HC2 HC3

5 90.9952 88.7751 100.1334 | 100.6497 0.4383 0.4205 0.4974 37.0261
10 52.8484 51.8910 57.2969 52.1942 0.8452 0.8108 0.9592 4.1435
15 40.9245 40.4419 43.7141 36.9768 1.1930 1.1445 1.3539 3.4717
20 35.6523 35.4587 37.5202 30.1960 1.4610 1.4015 1.6580 3.5685
25 33.1300 33.1622 34.3508 26.9500 1.6369 1.5703 1.8577 3.7231
30 32.0688 32.3068 32.7596 25.6717 1.7184 1.6484 1.9502 3.8087
35 31.9286 32.3726 32.1346 25.7719 1.7117 1.6420 1.9426 3.8015
40 32.4512 33.1143 32.1783 27.0615 1.6302 1.5638 1.8500 3.7164
45 33.5059 34.4108 32.7335 29.5771 1.4915 1.4308 1.6927 3.5917
50 35.0273 36.2049 33.7146 33.5363 1.3154 1.2619 1.4928 3.4870
55 36.9877 38.4774 35.0757 39.3549 1.1210 1.0753 12721 3.4976
60 39.3833 41.2333 36.7960 47.7140 0.9246 0.8869 1.0493 3.8161
65 42.2273 44.4955 38.8705 59.6869 0.7391 0.7090 0.8388 5.0009
70 45.5462 48.3017 41.3064 76.9572 0.5732 0.5499 0.6505 9.6078
75 49.3778 52.7024 44,1201 102.1883 0.4317 0.4141 0.4899 41.1164

Note 1: The speed isin the unit of mph and theemission factor isin the unit of grams per mile

Note 2: CO and HC = Aggregate CO and HC emission factors

CO1 and HC1 = CO and HC emission factorsfor vehicle type 1, passenger cars

C02and HC2=CO and HC emission factors for vehicle type 2, van and pick-up trucks

C03and HC3=CO and HC emission factorsfor vehicle type 3, other trucks
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