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ABSTRACT

Following the passage of the Clean Air Act Amendment (CAAA) in 1990, there

have been renewed efforts to accurately quantify the emission of pollutants from mobile

sources.

There are two existing approaches to estimate exhaust emission from mobile

sources: 1) MOBILESa, which was the "Average Speed" approach and, 2) TRAF-

NETSIM, which was the "Modal" approach. This study identified the strengths and

limitations of these two approaches for vehicle exhaust emission estimation. To make a

valid comparison between the two approaches, the hot- stabilized portion (Bag 2) of the

FTP cycle was used as a common platform to calibrate the two independent approaches.

Using the results of traffic simulation, the difference between these two approaches was

quantified.

The base line comparison of average emission rates from a modal approach and

an average speed approach produced interesting results. It was observed that the average

emission rates for all three pollutants (HC, CO, NOx) reported by MOBILESa were

greater than the average emission rates obtained from TRAF-NETSIM embedded tables.

Within the operating range of FTP hot stabilized portion, emission rates for HC, and CO

obtained from MOBILESa were three times higher than that obtained from modal

approach. However, for NOx, MOBILESa's rates were one and half times higher than

those of TRAF-NETSIM.

This study developed modal adjustment factors (MAFs) for each pollutant, which

was defined as the ratio of the actual emission rate embedded in NETSIM for a specified
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combination of acceleration and speed to the average FTP emission rate of the pollutant.

This study illustrates that MAFs vary widely — from 0.3 to more than 150 times —

implying that the average FTP emission rates are not truly representative of modal rates

within the considered ranges of speed and acceleration.

This study demonstrated the use of both "modal" and "average speed" approaches

for the evaluation of the impact of a traffic improvement strategy on emissions from light

duty gasoline vehicles. The traffic improvement strategy that was analyzed was the

eoordination of traffic signal operation along an arterial road. A simple case involving an

arterial operation was selected to achieve this objective. The analysis was performed

using TRAF-NETSIM for the modal approach and MOBILESa was used for the average

speed approach. The reduction in the cumulative hourly emission for all three pollutants

(HC, CO, and NOx) due to the implementation of signal coordination using the modal

approach was larger than those of the average speed approach. The average speed

approach reported a negative benefit (an increase) for NOx due to signal coordination.

This study used a simulation-based procedure for quantifying the effect of driver

behavior on mobile source emissions. Two mixes of driver populations were examined:

uniform and aggressive. It was found that the quantity of emissions considerably

inereased with the increase in the aggressiveness of driver population. Based on this

study, it was concluded that the base emission factors used in various analytieal models

may be corrected for aggressiveness of driver population.

This study was limited to nonfreeway arterial operations only. Because freeway

operation is different with respect to acceleration and speed, a similar analysis should be

performed to evaluate freeway operation to gain a more comprehensive understanding of

the characteristics of modal emissions.
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Chapter 1

Introduction

Background

Motor vehicles are direct contributors to carbon monoxide (CO), and particulate

matters, and they also contribute to the production of ozone by emitting hydrocarbons

(HC) and nitrogen oxides (NOx), which photochemically react to produce ozone. It has

been estimated that highway transportation accounts for nearly 50 percent of the total

emissions of air pollutants such as carbon monoxide, hydrocarbons, and nitrogen oxides.

A number of federal regulations, including the Clean Air Act Amendment of

1990 (CAAA) (Public Law 101-549, 42 U.S.C. 7401, et seq.) and complementary

provisions of the Intermodal Surface Transportation Efficiency Act of 1991 (ISTEA)

(Public Law 102-240, 49 Lf.S.C. 101 note) stress the transportation sector's obligations to

support environmental and energy security objectives. As a result traditional

transportation projects, such as additions to highway capacity, have come under close

scrutiny as potential contributors to air pollution.

Though C.\AA emphasizes transportation control measures as proactive

solutions, it also insists that transportation plans conform to the intent and objectives of

the State Implementation Plans (SIPs) and not aggravate the frequency and severity of

air quality violations. As a result, transportation planners and traffic engineers must

prove that their proposed projects will, at minimum, "Do no harm."

There are two existing approaches to estimate exhaust emission from mobile

sources. EPA's MOBILE model includes empirical relationships of emission rate with



average travel speed, temperature, fleet characteristics, and several other variables. This

approach is popularly known as "Average Speed" approach. TRAF-NETSIM simulates

individual vehicles operating behavior on a highway and depends upon 'lookup' Vehicle

Emission Tables (VETs) to estimate exhaust emissions. The VETs include emission

rates for different combinations of speed and acceleration. This is known as the "Modal"

approach. There are advantages and disadvantages associated with both approaches.

Study Objectives

The objective of this research study is to identify the strengths and limitations of

the "average speed" and "modal" approaches for emission estimation. Using the results

of traffic simulation the difference between these two approaches will be quantified.

Specific objectives of the effort are presented below:

1. Perform a base line comparison of exhaust emission rates produced by average speed

approach of "MOBILE", and modal approach of "TRAF-NETSIM". Suitable

parameters will be identified to bring the two independent techniques on a common

platform to make a valid comparison.

2. Using data collected for "TRAF-NETSIM", develop modal adjustment factors

(MAF's) through the use of a "Pivot" point approach. The MAF's will be analyzed

to identify the pattern of variation of emission rates with respect to speed and

acceleration.

3. Evaluate the effect of traffic engineering strategies such as signal synchronization on

exhaust emission level using "modal" and "average speed" approaches.

4. Evaluate the effect of different driving styles (aggressive versus passive) on exhaust

emission level using the modal approach.

As a part of this effort, TRAF-NETSIM source code, wherever necessary, will be

modified to accomplish the above objectives. A reasonable amount of data will be

collected and reduced to conduct a sensitivity analysis.



Document Organization

The remainder of this document is organized as follows; The state-of-the-art of

different emission modeling techniques currently being used to estimate exhaust

emissions from vehicles operating on highways is reviewed in Chapter 2. In Chapter 3,

the study methodology is described in detail. An analysis of the Bag 2 of the Federal

Test Procedure (FTP) driving cycle, and a base line comparison between the two

modeling approaches (average speed and modal) are presented in Chapter 4. In Chapter

5, Modal Adjustment Factors (MAF's) are developed and analyzed. An evaluation of the

effect of selected traffic engineering strategies on emission levels using "modal" and

"average speed" modeling approaches is presented in Chapter 6. In Chapter 7, an

evaluation of the effect of driver type on emission level using the modal approach is

presented. Conclusions and recommendations are presented in Chapter 8.



Chapter 2

State-of-the-Art Review

A few different emissions modeling techniques are currently being used to

estimate exhaust emissions from vehicles operating on highways. A detailed

investigation of the existing techniques and their applications has been conducted using

the Transportation Research Information Service (TRIS), and the findings are presented

in this Chapter.

State Implementation Plans

Under the CAAA, EPA sets nationwide standards for maximum permissible

levels of air pollution, while States retain primary responsibility for monitoring air

quality and implementing measures to comply with these standards. When an area is

found to violate Federal air quality standards, the state in which it is located is required to

develop and implement a plan (State Implementation Plan, or SIP) for eliminating the

violation and then maintaining the standard [1]. Among the required elements of a SIP is

a comprehensive inventory of current emissions from all sources in the area, and the

projections showing what actions to be taken by the state will produce the emission

reductions necessary for attaining the national ambient air quality standards.

The 1990 amendments to the Clean Air Act strengthened the requirement that

local transportation plans and programs conform with the intent of an area's prevailing

SIP to bring pollution levels into compliance with air quality standards. The

strengthened conformity rule requires metropolitan plarming organizations in



nonattainment and maintenance areas to document that the regional emissions related

consequences of implementing their transportation plans and programs are consistent

with the emission reductions estimated in the adopted SIP.

Environmental Protection Agency (EPA)'s Approach

The Federal Test Procedure (FTP) cycle and the MOBILE model were

developed by EPA. EPA utilizes the FTP cycle to measure the emission rates of

automobiles. The analytical model MOBILE is used to make emission estimations.

These are presented in the following sections.

Federal Test Procedure (FTP)

Emission factors are produced based on driving characteristics embodied in a pre

determined driving cycle, known as the Federal Test Procedure (FTP) [2]. This test

cycle was originally developed in 1972 as a certification test for vehicle manufactures

and has a specified driving trace of speed versus time, which is intended to reflect actual

driving conditions on urban roads. Emissions of CO, NOx, and HC are collected for

three sections of the cycle (called bags) and are used as base emission rates. Different

driving cycles are used to test different vehicle types. For light duty cars and trucks, the

FTP is a multimode driving cycle based on California data for a typical urban commute

to work. Different portions of FTP drive cycle are presented in Table 2.1.

Table 2.1

Federal Test procedure (FTP)

Bag No. Time (second) Speed (mph) Miles Traveled

1 (Cold Start) 505 25.6 3.59

2 (Hot Stabilized) 867 16.2 3.91

3 (Hot Start) 505 25.6 3.59



The FTP involves a dynamometer test of emissions over a 7.5 mile "driving

cycle" lasting 22.9 minutes, with an average speed of 19.6 mph. Exhaust emissions

during the first 505 seconds are captured in Bag 1 and represent "cold start" emissions.

During this portion of the test, the vehicle travels 3.59 miles at an average speed of 25.6

mph. The remaining 867 seconds of the test are captured in Bag 2 representing "hot

stabilized" emissions. During the hot stabilized portion of the test, the vehicle travels

3.91 miles at an average speed of 16.2 mph. After a 10 minute soak, the first 505

seconds of the test is repeated with the emissions captured in Bag 3, to represent the "hot

start" emission mode. Each of these components of the emissions are weighted assuming

20.6 percent of the VMT is in cold start mode, 27.3 percent in the hot start mode, and

52.1 percent in the hot stabilized modes, to determine an average (grams per mile)

emission rate for comparison to emission standards. The vehicle emissions test is

performed at 75 degrees Fahrenheit, using a standard fuel. Appendix I includes EPA

Urban Dynamometer driving schedule. As an example, a part of the driving schedule is

presented in Table 2.2.

Table 2.2

A Part of FTP (Hot Stabilized) Driving Schedule

Time Speed Acceleration

(sec) (MPH) MPH/Sec

505 0.0

506 0.0 0.0

— ... ...

552 0.0 -3.3

— — ...

678 3.5 -2.3

— ...



FTP is criticized for not truly representing the "real world" driving for a number

of reasons. One of them is that the accelerations are not severe enough (limited to the

maximum acceleration of 3.3 mph/sec and a maximum of speed of 57 mph) [3]. Based

upon the data collected during a study, 8.5% of all speeds exceeded the FTP maximum

rate and more than 88% of the trips contained an acceleration activity that exceeded 4

mph/sec. In fact, more than one third of the trips monitored included an acceleration rate

at some point during the trip more than 7 mph/sec.

Based upon the vehicle activity data being collected and analyzed, the possible

options being assessed by EPA include: H revising the FTP based upon driving behavior

studies, 2) adding a Bag 4 emission testing cycle to the FTP, and 3) developing new

emission testing cycles and requirements.

MOBILE Model

M0BILE5a model, the latest version of MOBILE, provides emission factors

(grams per mile) for a vehicle fleet for any calendar year between I960 and 2020. The

model can evaluate impacts due to changes in average speed of travel as well as changes

in a wide variety of external factors, such as temperature, altitude, fuel, and

inspection/maintenance programs. M0BILE5a [4,5] is based on fixed driving cycles,

most prominently the FTP. The estimation of emissions from mobile sources involves

two major steps. The first step consists of determining a set of emission factors which

specifies the rate at which emissions are generated, and the second step is to produce an

estimate of vehicle activity measured in terms of vehicle miles of travel (VMT). The

MOBILE model provides the emission factors. The model includes a set of basic

emission rates, which are adjusted to fit specific situations. There are a series of

correction factors including those for speed. These speed correction factors are derived

from limited off-cycle testing speeds greater than 57 MPH, accelerations greater than 3.3

(MPH-S) performed on laboratory dynamometers.

Traffic activity data is measured in terms of vehicle miles travel (VMT). The

VMT may be stratified according to the functional class of roads, and average travel



speeds. The VMT is multiplied with an emissions factor, producing emissions estimate.

Traffic activity data used for the emission inventory can come from a number of sources,

although it is typically produced from a meso-scale, regional transportation model.

Many traffic professionals consider that M0BILE5A is an inadequate tool for the

evaluation of traffic flow improvement strategies, and advanced traffic management

techniques for the following reasons:

1) The principal limitation is that the changes in emissions due to vehicle speed

are estimated by MOBILESa based on "average route speed." For example, the same

emissions are predicted by MOBILESa when a vehicle travels at an average speed of 20

mph over a length of roadway even when the driving patterns are different. It does not

consider whether a vehicle cruises at a steady speed or its travel is made up of a

combination of idling and hard accelerations.

2) The emission data within MOBILE is based on FTP, which was established

over two decades ago. FTP was intended to represent the operation of a typical in-use

urban vehicle. However, it did not include "off-cycle" vehicle operation which consists

of speeds in excess of 57 MPH and acceleration rates above 3.3 mi/h/s, which are

common events in today's traffic operation. It has been shown in a number of studies

that the FTP does not accurately characterize today's actual driving behavior [6,7].

Efforts are currently underway to revise the FTP.

3) The non-representative nature of the FTP driving cycle is exacerbated by the

procedure used for collecting and analyzing emissions. The emissions from the three

driving segments are used by the emission models to statistically construct the

relationship between emission rates and average speeds. Thus, the models statistically

smooth the effect of accelerations and decelerations. Two vehicle trips with the same

average speed, can have different speed profiles consisting of drastically different modal

characteristics (acceleration, deceleration, idle, etc.). The two trips will produce different

amount of emissions. This is particularly true for the current closed-loop emission

control systems where it has been shown that dynamic operations of the vehicle are an

important variable in predicting vehicle emissions [4,8].



The speed correction factors built in MOBILE model are derived from transient

tests (not steady-speed tests) including the light-duty vehicle FTP. The tests span a series

of average speeds up to 65 MPH. EPA used a few other cycles to develop speed

correction factors. However, running these other cycles and scaling them to construct the

speed correction curves may not accurately mimic real-world driving conditions.

Inherent in this derivation of the speed correction curves is the assumption that averages

in the skewed distributions representing the range of emissions at measured speeds can be

combined in a valid manner to yield emissions factors for other (non-measured) speeds.

For cycles other than the FTP, emissions are less well known since far fewer vehicles are

tested on these other cycles. Actual emissions at a given speed depend on engine load

(aceeleration); hence, for example, the fluctuations about a given average speed-their

amplitudes, and frequency of occurrence, will greatly affect the emissions accompanying

that average speed. Real-world conditions may, in some cases, exceed the valid range of

the test cycles; for example, real-world speeds often exceed the test cyele maximum of

65 MPH, and real-world accelerations commonly exceed 3.3 MPH/S maximum in the

FTP cycle.

The importance of accelerations/decelerations is also underestimated. Studies

have shown that a single power acceleration can produce more CO than is emitted in the

balance of a typical short (<5 MI) trip [9]. Other events leading to high engine load can

also produce high emissions. For example, a vehicle traveling on a steep road grade can

produce a very high level of emissions; however, because of the nature of the current

model inputs, grades are not taken into account. This raises doubt over the validity of the

FTP for use in assessing the true impact of accelerations/decelerations and grades on

exhaust emissions.

Oak Ridge National Laboratory (ORNL) Study

In the early 1980s the Federal Highway Administration (FHWA), recognized the

need for more realistic and representative data on post-1980 vehicles with regard to their

fuel consumption and emissions performance. FHWA sponsored a "Vehicle Testing



Project" at the Oak Ridge National Laboratory (ORNL) in order to generate a new

database for traffic models (i.e., TRAF-NETSIM) used by transportation engineers. One

of the objectives of the project was to test six vehicles for hydrocarbon (HC), carbon

monoxide (CO), and oxides of nitrogen (NOx) emissions and create a data base of those

vehicles (i.e., computer models of the vehicle emissions characteristics of the six

vehicles) from which the vehicle emissions tables required for the FHWA traffic

simulation models could be generated. Additionally, correction factors for road grade

effects that can be applied to the base vehicle emissions tables were to be determined.

Also, for each of the six vehicles tested for emissions, the difference in emissions

resulting from stopping and restarting the engine as opposed to letting it idle was

measured [10].

The basic requirement of the FHWA models was that vehicle emissions had to be

specified as a function of vehicle speed and acceleration. To relate vehicle emissions to

vehicle speed and acceleration ORNL designed an experiment that included chassis

dynamometer tests as well as on -road tests. The major criticism of the approach pursued

in this experiment is that the measurement of vehicle emissions on the chassis

dynamometer captures only the steady state values, ignoring transients conditions, since a

condition must be held steady while measurements are made.

In 1992, FHWA and ORNL agreed that this effort was warranted again because

of the significant differences between today's fleets of vehicles and those of the 1980s.

The main objectives of this new and ongoing project is to update vehicle emissions and

fuel consumption tables embedded in TRAF-NETSIM. This effort includes the

collection of modal emissions and fuel consumption data of a number of vehicles

operating under hot stabilized condition, and it will incorporate the effects of grade and

ambient temperature also. In addition, ORNL team will identify vehicle and

performance parameters that are useful to model vehicle emissions and fuel consumption

of a large population of vehicles, and develop a model which will require a minimal

number of measurements of other vehicles. The routine vehicle data acquisition will

include practically all of the vehicle's operating range. It will cover the range of speed

10



and acceleration achievable within safe limits on test facilities such as an airport runway.

A combination of on-road and chassis dynamometer data will be collected. The results

of this study are still being analyzed.

Overview of TRAF-NETSIM

This section presents the various features of the TRAF-NETSIM program.

TRAF-NETSIM [11] is a microscopic and stochastic simulation model of traffic

operations on urban street networks. The simulation model uses a fixed-time, discrete

event approach to describe the dynamics of traffic operations. The program models the

movement of each vehicle in a street network as it travels along the links and through

intersections which are controlled by traffic signals and signs. The vehicles interact with

one-another and respond to the traffic control devices.

TRAF-NETSIM simulates traffic flow on urban street networks by representing

the movement of individual driver-vehicle combinations stochastically. For each vehicle

entering the network, vehicle and driver characteristics are generated randomly. As

vehicle moves from one link to the another, their turning movement on the new link is

randomly assigned while satisfying the user-specified, link specific turn movement

percentages. Random number generation in TRAF-NETSIM is based on a linear

recursive procedure. Using a multplicative congruence technique, a sequence of random

numbers are generated by always calculating the next random number from the last one

obtained.

Operating as a one-second interval-scanning model, each vehicle in the network is

processed once every second, as it moves through the system, with the time-space

trajectory being recorded at 0.1 second resolution. Vehicle motion is governed by a

series of car-following, queue discharge, and lane-changing algorithms, in response to

traffic control devices.

The time-step record of each vehicle's performance, as it moves through the

network, is updated in a detailed "vehicle array" and a "link array." The vehicle array

contains recorded data, such as, cumulative travel time, distance, delay, number of stops,
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in addition to its present position and its projected action at the next node. The link array

contains link statistics similar to the vehicle array, but also includes the cumulative

number of vehicles and the turning movements processed, as well as, the link occupancy

and the queue lengths.

The following sections briefly describe input to the program, and the output

received at the end of execution (with a particular emphasis on vehicle emission

computations).

Detailing of Highway Network

The physical street system is represented as a network comprised of one-way

links with the intersections represented as nodes. It is possible to simulate any type of

controls including yield signs, stop signs, fixed time signals, and signals with actuated

controls. The user has to specify various attributes of the link including length of link,

lengths of turning bays, and number of lanes along with widths over the entire link and

in turning bays.

The length of each link is specified by the user. If the user requires graphical

output, he should also specify the coordinates of each node. The program also facilitates

the user to describe link curvature though optional input data. The user can specify

turning movements along with volumes from a link in different directions on to adjacent

links. The user also has an option to provide turn movement variations with in a time

period. This comprehensive input about the geometry of the network and traffic volumes

enables the user to realistically create the highway network for simulation.

Realistic Fleet and Driver Characteristics

In TRAF-NETSIM [12,13], sixteen different types of vehicles including trucks

and buses can be modeled. Primarily, the fleet may be stratified as private automobiles,

trucks, mass transit vehicles and carpool vehicles. The user can reserve lanes for buses

and carpool, specify the percentage of trucks and carpool vehicles on each link. Such

fine-grained representation allows the model to include enough variety to ensure that the
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actual composition of the nation's vehicle fleet is reflected. There are default maximum

values of acceleration, speed, headway, length and occupancy of vehicle for various

components of the fleet built into the program. The default maximum values of

acceleration and speed for private automobile are 5.5 mph/sec and 75 mph respectively.

Parameters can be specified to represent different personality types for drivers, to

represent different level of aggressiveness in traffic. The personality of the driver varies

from passive to aggressive over a scale of 10. This enables to generate transient

"enrichment" events, wherein a vehicle is accelerated rapidly, outside the limits of the

federal test procedure for motor vehicles. Some recent experiments suggest that

enrichment events may contribute substantially more pollution than the "normal" driving

patterns.

Simulation of Traffic Control Devices

TRAF-NETSIM can simulate a network of intersections with any type of controls

including yield signs, stop signs, fixed-time signals, actuated signals, and signals with

different cycle lengths. For fixed-time signals, the user may specify any cycle length,

number of phases, phase sequence, and phase split. For actuated signals, the program is

capable to able to simulate the type 170 or NEMA controller logic up to eight-phase,

fully actuated, dual ring controller, including volume-density and phase overlap.

Because the program knows the position and time of each vehicle and the location of the

detectors, it knows when and where a call is placed, and it changes signals accordingly.

Pedestrian actuation is either by a user-specified frequency or stochastically determined

by Poisson arrival based on user specified pedestrian volume.

Fuel Consumption and Emissions

The program has fuel consumption rates and pollutant emission rates embedded

in the program. The model allows the user to modify any or all of the portions of the

tabulated data that define fuel consumption rates and pollutant emission rates. The

default table of emission rates is derived from measurements made at ORNL in the early
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eighties, and represents an aggregate of data for the six passenger cars that were

examined in that study. As every vehicle tested had a different emission profile,

statistical analysis would not produce reliable fits to the data, necessitating the production

of (3-dimensional) tables as the basic model form. In these tables, emission rates were

2  2
expressed as a function of acceleration (between -9 ft/sec to 12 ft/sec ) and speed

(between 0 ft/Sec to 110 ft/Sec). The vehicle emissions tables embedded in TRAF-

NETSIM for all three pollutant types (HC, CO, NOx) are included in Appendix 11. No

emission data were available from ORNL for trucks and buses.

TRAF-NETSIM facilitates to read in new data for emission rates for passenger

vehicles, if one has available in a format similar to that used for the ORNL data. Given a

vehicle type and speed, the rates for acceleration, or deceleration values can be specifies

for that particular vehicle using record type 60 [11] .

It should be noted that with in the program, the speed and acceleration are

corrected as integers before emission rates (in Grams/Second) are picked up from the

tables. At the end of each second, emission rates for each of the three types of emissions

(HC, CO, & NOx ) for every vehicle on a link is accumulated and converted into

Kilograms/Mile-hour. Environmental Measures of Effectiveness (MOEs) are reported as

output at intermediate intervals and also as cumulative values as specified by the user.

Relevant TRAF-NETSIM Inputs And Outputs

Control Parameters

The progress of the simulation performed by TRAF-NETSIM is controlled by a

number of "cards," which are input records that are read before a simulation run begins.

In particular, record 02 allows specification of details about how TRAF-NETSIM will

compute fuel consumption and pollutant emissions [11].
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Environmental MOEs

The environmental MOEs reported by NETSIM include fuel consumption and

emissions (HC, CO, & NOx) for every link (specified unidirectional roadway section).

The fuel consumption is expressed in gallons for passenger cars, trucks and buses. The

emissions (HC, CO, & NOx) are reported as Kilograms/Mile-Hour for each link. These

results can be obtained at specified intervals. Cumulative statistics for the duration of

simulation are reported at the end of the output. Such environmental output is presented

in Table 2.3.
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Table 2.3

A Typical Environmental Output Reported by NETSIM

Fuel Consumption Emission Rates

Link No. Gallons M.P.G. (Kg/Mile-Hour)

Auto Truck Bus Auto Truck Bus HC CO NOx

(18, 4) 1.3 0.0 0.0 6.9 0.0 0.0 0.872 51.580 2.594

(4,18) 0.8 0.0 0.0 6.3 0.0 0.0 0.576 40.990 1.878

(19, 5) 1.2 0.0 0.0 0.3 0.0 0.0 0.925 11.171 1.044

(5,19) 0.2 0.0 0.0 3.7 0.0 0.0 0.336 22.071 1.190

(23,12) 2.7 0.0 0.0 1.3 0.0 0.0 1.338 21.061 2.729

(12,23) 0.6 0.0 0.0 7.6 0.0 0.0 0.554 37.004 1.820

(24,16) 0.2 0.0 0.0 7.3 0.0 0.0 0.353 27.053 0.965

(16,24) 0.3 0.0 0.0 6.6 0.0 0.0 0.422 29.529 1.389

(9,10) 0.6 0.0 0.0 3.6 0.0 0.0 0.239 7.680 0.686

(10,21) 1.1 0.0 0.0 1.9 0.0 0.0 0.448 13.817 1.168

(10, 9) 0.0 0.0 0.0 3.4 0.0 0.0 0.003 0.090 0.008

(22, 9) 0.3 0.0 0.0 3.1 0.0 0.0 0.269 9.072 0.641

( 9,22) 0.0 0.0 0.0 3.7 0.0 0.0 0.073 5.045 0.246

(13,25) 0.2 0.0 0.0 3.5 0.0 0.0 0.270 19.148 0.881

Subnetwork 40.4 0.0 0.0 4.1 0.0 0.0 0.456 19.635 1.217

Limitation of TRAF-NETSIM in the Prediction of Exhaust Emissions

Though TRAF-NETSIM is unique from other models in considering the vehicle

operating modes (cruising, deceleration, queuing and acceleration), in its current form

has limitations as a tool to estimate pollution from motor vehicles. In particular, the

model depends upon "look up" Vehicle Emission Tables (VETs) that were built on data
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obtained from 6 vehicles tested under steady state conditions. The tested vehicles do not

represent the entire fleet currently operating on highways and considerable amount of

emissions occur in real world under transient conditions. Also, the model assumes that

engines of all vehicles operate under hot stabilized condition which is not true.

Significant amount of emissions occur cold start condition of the engine.

TRAF-NETSIM has no provision for recognizing ambient temperature and grade

of the highway, which can have a significant impact on vehicle emissions. Besides these

traffic related parameters, the model also does not take into consideration a variety of

vehicle related parameters including air conditioning on/off, coolant temperature, vehicle

condition/age, fuel formulation and technology which are also very important in

quantifying the emissions from vehicles operating on highways.

CARB's Approach

In California, mobile source emission inventory at the current time is developed

by linking vehicle activity estimates to an emission rate model (EMFAC7F). The

EMFAC model produces a computerized multi-dimensional matrix of activity-specific

emission rates for specified environmental and operating conditions [14]. The existing

emission rates used in EMFAC7F were derived through the testing of thousands of new

and in-use light-duty vehicles. The testing is conducted on a laboratory dynamometer.

The vehicle is run through a specific operating cycle (starts, stop, accelerations, and

constant speed cruises) in a set pattern. The bag sample of emission collected (partially

in the cold engine mode, and partially in the warm stabilized mode) are analyzed to

determine the average emission effects for the vehicles operating under the test

parameters. Similar to the EPA model (MOBILE), the EMFAC model uses average

speed correction factors to compute emission rates.

This procedure also results in underestimation of motor vehicle emissions. This

is because the empirical models used to develop the speed correction factors for motor

vehicle emission rates do not account for modal operations such as acceleration and

deceleration. In addition, a regression analysis on existing grams/mile data may tend to
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unrealistically force a statistical fit at high and low speeds [15]. To account this CARB

to initiate a new modeling approach referred to as "The 25-BIN Modeling Approach" [3].

The 25-BIN Modeling Approach involves the development of 5 sets of 5

emission testing cycles. Each set of cycles would be designed to better reflect typical

vehicle activity on five roadway classifications (freeways, expressway, arterial,

connectors, and local roads) under five congestion levels. The congestion level will be

defined in terms of level of service (LOS), where LOS is based upon traffic density for

freeways and expressways and upon percentage of free flow speed on arterials [16].

Vehicles will be tested for each of the 25 testing cycles and baseline exhaust emission

rates will be developed for each roadway classification and level of service. Thus, fleet

av'erage emission rates can be obtained from one of the 25" bins" and then applied to

vehicle activity that occurred under the specified conditions. This is the major difference

between this approach and the FTP approach which is based on developing a baseline

exhaust emission factors under a single test cycle (FTP) and correcting these emission

factors to estimate emissions at speeds other than the FTP average speed.

Although the proposed 25-bin approach currently is the only approach to address

some of the deficiencies of EPA's emission model, this approach also employs aggregate

data sets. Each typical cycle would contain a large amount of emission variations within

the cycle. Vehicle activity data would also be aggregated into one of the five levels of

service classifications. Though this approach is a significant improvement, it still may be

inadequate for certain purposes and applications.

Summary of Literature Review

From the above literature review, there are several limitation with the existing

modeling approaches. In the modal emission approach, the emission rates data were

collected in mid-eighties. The emission rates embedded in NETSIM were obtained from

6 light duty passenger vehicles. These vehicles do not represent the current fleet

operating on the highway networks. In the other hand the average speed model like

MOBILE approximates vehicle operating modes (cruising, deceleration, queuing and
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acceleration) through empirical relations in estimating of exhaust emissions and these

empirical relations were not verified to be valid. In addition, The database incorporated

in MOBILE was based on FTP cycle. The FTP does not include speeds over 57 mph nor

sharp accelerations (i.e. greater than 3.3 mph/sec), and some of the 'off-cycle' conditions

are likely to result in enrichment, which yields high carbon monoxide and hydrocarbon

emission rates. Linking such data with uncertain data about vehicle activity dose not lead

to realistic estimation of the emission inventories.
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Chapter 3

Methodology

From the literature review presented in the preceding chapter, it is clear that the

current state-of-the-practice uses the average speed approach of "MOBILE " model to

estimate exhaust emissions for inventory purposes as well as for assessing the impact of

transportation control measures. Although the MOBILE model reflects changes in

emission rates (grams/mile) for a vehicle fleet for any calendar year between 1960 and

2020 due to changes in average speed of travel, as well as in a wide variety of external

factors, such as temperature, altitude, fuel type, and inspection/maintenance program, the

model has limited capability to predict changes in emissions caused by changes in speed

and acceleration at a detailed level and a localized scale. Recognizing the above

limitation, several research studies were initiated recently to investigate the effects of

speed and acceleration on emission level. This is known as the "modal approach". The

modal approach was investigated on a limited basis by ORNL in the early eighties.

These limitations were described in the previous section. Current modal emission studies

did not utilize the results from the ORNL study. These current efforts are not expected

to be completed for a few more years. The ORNL results, however, were incorporated in

TRAF-NETSIM. In this study, the ORNL "modal approach" study results will be used

to assess the usefulness of the modal approach. A comparison of the emission estimation

results from the average speed approach and modal approach will be performed.

The vehicle emission rates built into TRAF-NETSIM and MOBILE were

obtained under different testing conditions. The VETs incorporated in TRAF-NETSIM

were developed under steady-state operating conditions for hot stabilized engines. These
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lookup tables include emission rates in grams/second per vehicle for different

combinations of acceleration and speed. The emission factors built into MOBILE are

based on average driving characteristics embodied in FTP. In order to make a reasonable

comparison of the results obtained from MOBILE and TRAF-NETSIM, a 'Pivot Point"

approach will be utilized. This approach will involve the derivation of modal adjustment

factors (MAF) for each cell in the VET's. This will be accomplished through the

simulation of the hot stabilized portion of the FTP cycle. The proposed mechanism is

presented in Figure 3.1. These MAF's will be analyzed in different ways to determine

how much the "modal emission" approach based results differ from those of the "average

speed" approach. The study approach consists of the following five stages:

• Analysis of FTP's Hot Stabilized Driving Cycle Using Emission Rates from

VETs in TRAF-NETSIM

For every second of the hot stabilized portion of the FTP drive cycle, the

speed and acceleration are known [1]. FTP's hot stabilized driving cycle will be

simulated using the emission rates from VETs in TRAF-NETSIM. For every

second i of the hot stabilized cycle and for the specified acceleration (a,) and

speed (s,) for that particular second, the vehicle emission rate (VEj.a.s) from

VETs will be collected. The average modal emission rate (FTPavg-vet) of each

of the three pollutants CO, NOx, and HC over 867 seconds of time will be

computed using the following equation:

/=1372

FTPaVG - VET = YyE>i-a-s^ 867 3.1
1=506
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Figure 3.1

Computation of Average FTP Emission Rate

Base Line Comparison of Average Emission Rates from Modal Approach and

Average Speed Approach

The MOBILE model will be executed for the vehicle mix, temperature,

altitude, and other conditions similar to those for the ORNL emission rates. The

average speed (16.2 mph) for the FTP's hot stabilized portion of the driving

cycle will be used. The purpose of this task is to determine the emission rates

for CO, HC, and NOx produced by the MOBILE model under conditions

similar to tho^e used by ORNL. These average emission rates will be

compared with FTPavg-vet rates described in task 1. This base line comparison

is to determine how different the values from the two sources are under similar

conditions.

Development and Analysis of Modal Adjustment Factors (MAF's).

The Modal Adjustment Factors (MAF) for every combination of speed and

acceleration in VET will be calculated using the FTPavg-vet rate as the pivot
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point. This calculation will be performed for all three pollutants. If VEa-s is the

modal emission rate for a specified acceleration a and speed s in VET, the

modal adjustment factor (MAFvEa-s) for that emission rate will be obtained as

follows:

MAF VEa - s = VEa- FTPa VG - VET 3.2

The modal adjustment factors (MAF) will be analyzed to identify the pattern of

variation with respect to speed and acceleration. The purpose of this sensitivity

analysis is to address the following types of questions:

a) Which combinations of speed and acceleration produce high emission rates?

b) Which combinations of speed and acceleration produce low emission rates?

Evaluation of the Impact of a Traffic Engineering Strategy on Emissions Using

Modal Approach (TRAF-NETSIM) and Average Speed Approach (MOBILESa)

There are certain traffic engineering strategies that influence driving pattern.

One of the commonly used technique is signal progression (synchronization).

Intuitively, we know that the average speed approach (MOBILE) is

inappropriate to evaluate the air quality impact of such a strategy. This study

will demonstrate if and by how much the results from the modal approach

differ from those from the average speed approach. For this purpose, a case

study analysis will be performed. Changes in emission level before and after

implementing the above strategy will be analyzed using both approaches.

Evaluation of the Effect of Driver Type (Aggressive Vs Uniform) Distribution on

Emission Level Using Modal Approach (TRAF-NETSIM)

TRAF-NETSIM model has the built-in capability to reflect driver behavior.

Utilizing this capability, this study will assess how driver behavior affects the

level of exhaust emissions from automobiles. Using the same case study used in
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the previous evaluation, the driver type parameter will be varied, and the

changes in results will be analyzed. Although it is questionable as to what

actions can be taken to change driver behavior, the results of this analysis will

provide an insight concerning the impact of driver behavior on vehicle exhaust

emissions.
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Chapter 4

Baseline Comparison of Average Emission Rates from

Modal Approach and Average Speed Approach

The modal approach for estimating exhaust emissions was investigated on a

limited basis by ORNL in the early eighties. The ORNL results were incorporated in

TRAF-NETSIM. The results were based on the testing of six light duty gasoline vehicles.

Both model year and make of these vehicles are presented in Table 4.1.

Table 4.1

Particulars of Vehicles Tested

by ORNL for TRAF-NETSIM

Model Year Vehicle Model Name

1981 Buick Century

1982 Chevrolet Wagon

1982 Datsun 210

1982 Ford Fairmont

1983 Pontiac Firebird

1984 Chevrolet S-1

The tested vehicles in this project were obtained from local rental agencies. The

emission testing was conducted using a chassis dynamometer. Maps of steady-state
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emissions as a function of vehicle speed and acceleration were made. The data from the six

vehicles were combined into one table using appropriate statistical techniques. The

emission rates in grams/second were stored for a speed range of 0 to 110 ft/sec and an

acceleration range of -9 to +12 ft/sec . Appendix II contains the emission tables for all

three pollutants, specifically, Hydrocarbons (HC), Carbon Monoxide (CO), and Oxides

of Nitrogen (NOx). These tables are embedded in TRAF-NETSIM.

As the data source and mechanics of computation are different for the modal

approach (TRAF-NETSIM) and average speed approach (MOBILES), the results from

these two approaches are also different. No previous attempt has been made to compare

the results of these two sources using a common computational scenario and thereby

assess the differences in the rates embedded in the related techniques. A valid comparison

of the results from these two techniques would enable us to export the results from one

technique to another. Therefore, a baseline comparison was made to verify how different

the average emission rates of ORNL study for the three pollutants are from those

computed by M0BILE5a. As a first step, a common scenario was identified to run the

analysis. Enough care was exercised to make a comparison under similar conditions.

Identification of a Common Scenario to Make Comparative Analysis

The emission rate tables developed as a part of the ORNL study were applicable

to warmed up (hot stabilized) vehicles only. Also, the test was conducted under a

specified set of conditions. It is very important that these conditions are met to make a

reasonable comparison with EPA's MOBILE model. As FTP is a standardized procedure

with a fixed drive cycle, the hot stabilized portion of the FTP drive cycle was selected as

the common platform for a comparative analysis.

Analysis of the Hot Stabilized Portion (Bag 2) of FTP

The hot stabilized portion (Bag 2), of the Federal Test Procedure (FTP) driving

cycle for light-duty vehicles is shown in Figure 4.1.
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Figure 4.1

FTP Drive Cycle (Hot Stabilized Portion)

This driving cycle involves a dynamometer test of emissions over a 3.87 mile

lasting 867 seconds, with an average speed of 16.2 mph. Exhaust emissions during this

portion are captured in Bag 2. For every second of the hot stabilized cycle, acceleration

and speed are examined to classify the driving mode. If the rate of change of speed is

positive, the driving is classified as "acceleration", and if it is negative, it is treated as

"deceleration." If the acceleration is zero and speed is greater than zero, the driving mode

is considered as "cruise." If the acceleration is zero, and the speed also is zero, the

driving mode is considered as "idle." For every second of the hot stabilized portion of

the FTP cycle, and for the specified speed and acceleration, the vehicle exhaust emission

rate is extracted from the vehicle emission tables embedded in TRAF-NETSIM for all

three pollutants (Appendix II).

The emission rates for each particular driving mode are accumulated at the end of

the cycle (867 second). In addition, for each driving mode, the cumulative emission

rates, and the percentage of emissions for the three different pollutant (HC, CO, and

NOx) are presented in Table 4.2. Depending on the pollutant type, the emission rate may

be high when accelerating under high speeds. This gives us an idea about the effect of

vehicle driving mode on emission rates.
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Table 4.2

FTP Emissions According to Driving Mode

HC CO

Driving Mode Emission % of Emission %of

(Duration in Sec) (gm) Emission (gm) Emission

Acceleration (270) 0.3232 56.1 5.672 64.9

Deceleration (133) 0.0531 9.2 0.551 6.3

Cruise (303) 0.1512 26.2 2.024 23.1

Idling (161) 0.0486 8.5 0.486 5.7

Cumulative (867) 0.5761 100.0 8.733 100.0

(gm)

1.413

0.028

0.2029

0.0486

I 6925

%of

Emission

83.5

1.7

12.□

2.8

mo

From Table 4.2, the driving mode "cruise" has the longest duration, followed

by "acceleration", "idling", and "deceleration" respectively. During the cruise mode,

the highest emitted pollutants are CO and NOx. During the acceleration mode, CO is

the highest emitted pollutant by vehicles. This is followed by NOx, and HC
respectively. Although idling mode is the third longest driving mode in duration,
vehicles are emitting the least amount of HC and CO emissions during that mode.

During the deceleration mode, NOx is the least emitted pollutant by vehicles among

the three pollutants. The average modal emission rate (FTPavg-vet) of each of the

three pollutants HC, CO, and NOx, over 867 seconds of time is computed using the

following equation:

/=1372

FTPavg - vet = ^VEi-a-s-^867
/=506

The average emission rates in milligrams per second for all three pollutants are

shown in Table 4.3.



Table 4.3

Average FTP Emission Rates For Various Pollutants

Pollutant Average Emission Rate (Hot Stabilized

Cycle)

Milligrams/Second

HC 0.66

CO 10.07

NOx 1.95

The above average emission rates for the hot stabilized cycle based on ORNL

rates, for all three pollutants, are compared with the emission rates obtained from the

execution of the MOBILE model.

The average emission rate over FTP hot stabilized cycle for all vehicles utilized in

the development of the emission rates embedded in TRAF-NETSIM were obtained by

executing MOBILESa. Considerable care was exercised in the specification of various

parameters in Local Area Parameter (LAP) record. MOBILESa was executed for 100

percent hot stabilized light duty passenger vehicles. The speed used to execute the model is

16.2 mph which represents FTP Bag 2 average speed. The model was executed for each of

the six vehicles using 100 percent registration distribution by age for that particular vehicle

model year. Actual mileage on the six vehicles were not available, therefore, MOBILESa

(national average) annual mileage accumulation rates were utilized. The minimum and

maximum temperatures, and the base year and in-use Reid Vapor Pressure (RVP) for all six

vehicles are presented in Table 4.4.
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Table 4.4

Local Area Parameter Records To Execute MOBILESa

Model Year and Type Min. Max. Base In-use Calendar

Temp Temp Year

"f "f RVP RVP

'81 Buick Century 75 90 11.50 11.50 1984

'82 Chevrolet Wagon 75 93 11.50 11.50 1984

'82 Datsun 210 52 82 11.50 11.50 1984

'82 Ford Fairmont 59 77 11.50 11.50 1984

'83 Pontiac Firebird 31 33 11.50 11.50 1984

'84 Chevrolet S-1 68 86 11.50 11.50 1984

The MOBILE emission rates (ER) obtained were in grams/mile. These rates were

multiplied by 3.87 miles and 1000 milligrams/grams. The obtained product was divided by

867 second. Thus, average emission rates in milligrams/second were obtained. The

average emission rates obtained from MOBILE are presented in Table 4.5.
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Table 4.5

MOBILESa Emission Rates for Vehicles Tested by ORNL

Model Year and Type HC CO NOx HC CO NOx

Grams/Mi e
1  1

Milligrams/Second

1981 Buick Century 0.69 9.51 0.82 3.08 42.45 3.66

1982 Chevrolet Wagon 0.55 8.39 0.70 2.46 37.45 3.12

1982 Datsun 210 0.54 7.60 0.72 2.41 33.92 3.21

1982 Ford Fairmont 0.54 7.60 0.72 2.41 33.92 3.21

1983 Pontiac Firebird 0.31 5.20 0.71 1.38 23.21 3.17

1984 Chevrolet S-1 0.18 3.71 0.38 0.80 16.56 1.70

Average Emission Rate 0.47 7x00 0.68 2x00 31.25 3.01

Discussion of Results

A summaiy of the average FTP emission rates for all the three pollutants obtained

from the two models of data are presented in Table 4.6.

Table 4.6

Summary of the Emission Rates Derived from Two Sources

Source

MOBILESa

TRAF-NETSIM

Ratio

HC CO NOx

(MG/Sec) (MG/Sec) (MG/Sec)

2.09 31.25 3.01

0.66 10.07 1.95

3.20 3.10 1.54

The ratio between the average emission rates for the FTP hot stabilized cycle based

on MOBILESa, to TRAF-NETSIM for HC, CO, and NOx are 3.20, 3.10, and 1.54

respectively. This difference may be due to the fact that the actual mileage of vehicles



used in ORNL testing was not available. The default values for the mileage accrual rate

in MOBILESa were used. Of note, actual mileage is a critical input for making

corrections to the base emission rates of MOBILE. In addition, the base emission rates

within MOBILE are obtained within a temperature window of 68°F to 86°F to ensure the

consistency of the test results. When MOBILESa is executed for other conditions, the

correction factors are applied. When MOBILESa was executed for each of the vehicles

tested by ORNL, correction factors were applied, which might have contributed to the

differences in the average emission rates. The emission rates for all three pollutants

obtained from MOBILESa for each of the six vehicles tested at ORNL, along with

average emission rates for the six vehicles, and those obtained from TRAF-NETSIM are

presented in Figures 4.2 through 4.4. The pattem is similar for all the pollutants. The

average emission rates from MOBILE for all the vehicles are greater than those obtained

from TRAF-NETSIM data.

. MOBILE ■ MOBILE Average . FTP A verage From NETSIM

ii.

Chv-Wag Datsun Rontiac Chv. S-1

Figure 4.2

Emission Rates For HC
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Summary

For comparing the emission rates embedded in TRAF-NETSIM with those of

M0BILE5a, the Federal Test Procedure (FTP) hot stabilized portion was identified as a

common platform. A comparison of results was made after the analysis of Bag 2 of the

FTP under similar operating conditions. It was observed that the average emission rates

reported by MOBILESa were greater than the average emission rates obtained from

TRAF-NETSIM embedded tables. Within the operating range of FTP hot stabilized

portion, emission rates for HC, and CO obtained from MOBILESa were three times

higher than those obtained from ORNL study. However, for NOx, MOBILESa rates were

one and half times higher.
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Chapter 5

Development and Analysis of Modal Adjustment Factors (MAFs)

Modal Adjustment Factors (MAP) for every combination of speed and

acceleration in VET are calculated using the FTPavg.-vet rate, as determined in Chapter

4, as the pivot point. This calculation is performed for all three pollutants. If F^-s is the

modal emission rate for a specified acceleration a and speed s in VET, the modal

adjustment factor (MAFa-s) for that emission rate is obtained as follows:

MAFa-s = Va-s FTPavg-vet 5.1

The adjustment factor of each pollutant is the ratio of the modal emission rate

embedded in TRAF-NETSIM for a specified combination of acceleration and speed, and

the average FTP emission rate for the pollutant. This gives us an idea about how much

the rate varies from the average FTP rate. If the factor is greater than I, this implies that

the modal rate is higher than the average rate; hence, average FTP rate is underestimating

emissions under such driving conditions. If the adjustment factor is less than 1, this

implies that the modal rate is lower than the average FTP rate; therefore, the average FTP

rate is overestimating the emission under those driving conditions. Appendix III contains

MAFs for Hydrocarbon, Carbon Monoxide, and Nitrogen Oxide, respectively. A detailed

analysis is presented for all three pollutants in the following sections.
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Sensitivity Analysis Of Hydrocarbon Modal Adjustment Factors

The Hydrocarbon (HC) Modal Adjustment Factors (MAFs) for a wide range of
2  2

speeds and acceleration varying from -9 ft/sec to +12 fit/sec are presented in Figures 5.1

through Figure 5.4.
2  2In Figure 5.1, the MAFs for acceleration in a range from -9 ft/sec to -4 ft/sec

over the entire speed range are presented. The MAFs varied from 0.46 to 2.4. For a

speed of 20 fit/sec, the MAF for this range of acceleration is 1. This implies that at that

speed and for this range of acceleration, the average FTP emission rate is the same as the

emission rate embedded in TRAF-NETSIM. For speeds less than 20 ft/sec, the MAFs are

less than 1. In this operational range, the average FTP emission rate is higher than the

HC emission rate embedded in TRAF-NETSIM. The MAF increases uniformly with

speed. At high speeds and hard deceleration, the average FTP emission rate is

substantially less than those emission rates embedded in TRAF-NETSIM.

Figure 5.2 presents the variation of MAFs over FTP operating range. The speed

varies from 0 to 50 ft/sec, and the acceleration varies from -3 to +3 ft/sec . It appears that

the FTP average emission rate is a good representation for speeds less than 20 ft/sec.

Above the speed of 20 ft/sec, irrespective of acceleration, the FTP average is

underestimating the emission of HC. This is particularly true for accelerations more than

1 ft/sec^.

Figure 5.3 presents the variation of MAFs over an acceleration range contained

within the FTP range but for speeds outside the FTP range. The speed varies from 51 to

90 ft/sec. The acceleration varied from -3 to +3 ft/sec . Over an acceleration range of -3
2  2ft/sec to 1 ft/sec , the FTP average rate did not vary greatly with speed. However, for

accelerations of 2 ft/sec^ and 3 ft/sec^ (for this higher speed range), the emission rates

embedded in TRAF-NETSIM are up to 25 times higher than the FTP average emission

rate. This implies that the FTP average emission rate is a poor representation of emission

for that operating range, and it is underestimating the emission rate substantially.

Figure 5.4 presents the variation of MAFs over accelerations outside the FTP

range. The acceleration varies from 4 to 12 fit/sec . The speed varies from 0 to 90 fit/sec.
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From Figure 5.4, it is clear that the FTP average emission rate is not a good

representation for this range of vehicle operation and is underestimating the emission rate

substantially.
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Sensitivity Analysis Of Carbon Monoxide (CO) Modal Adjustment Factors

The CO MAFs with respect to speed over an acceleration range varying from -9

ft/sec^ to +12 ft/sec^ are presented in Figures 5.5 through 5.8. The CO MAFs vary over a

wide range from 0.3 to nearly 180.
2  2

In Figure 5.5, the CO MAFs for deceleration in a range from -9 fit/sec to -4 fit/sec

over the entire speed range are presented. The MAF increases with increase in speed and

varies from 0.3 to 0.5. Irrespective of the speed, under the deceleration mode, the

average FTP emission rate is higher than those emission rates embedded in TRAF-

NETSIM.

Figure 5.6 presents the variation of MAFs over FTP operating range of speed and

acceleration. The FTP average emission rate is a good representation for accelerations

less than or equal to 1 ft/sec . Above that range, the FTP average is underestimating CO

emission rate. This is particularly true for accelerations more than 1 ft/sec .

Figure 5.7 presents the variation of MAF over accelerations within the FTP range

but for speeds outside FTP range. Over an acceleration range between -3 fit/sec to 0

ft/sec^, the FTP average rate is steady and always higher than the modal emission rate.

For speeds outside those accelerations range, the FTP average emission rate is a poor

representation of emission and underestimates emissions substantially.

Figure 5.8 presents the variation of MAFs over accelerations outside the FTP

range. The acceleration varied from 4 to 12 ft/sec^. The FTP average emission rate is a

poor representation for this range of vehicle operation and it is always underestimating

the emission rate.
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Sensitivity Analysis Of Nitrogen Oxides (NOx) Modal Adjustment Factors

The NOx MAFs with respect to speed and acceleration range of -9 ft/sec to +12

ft/sec^ are presented in Figures 5.9 through 5.12. The NOx MAFs vary over a wide range

from 0.06 to nearly 26.
2  2

In Figure 5.9, the MAFs for acceleration in a range from -9 ft/sec to -4 ft/sec

over the entire speed range are presented. The MAF decreases with increase in speed.

The MAFs vary from 0.06 to 0.17. Figure 5.9 shows that, irrespective of speed, the

average FTP emission rate is overestimating the NO^ emission rate.

Figure 5.10 presents the variation of MAFs over accelerations and speed within
2  2

the FTP cycle's range. Over the range of acceleration between -3 ft/sec to 0 ft/sec , the

FTP average rate is steady and always more than the modal emission rate. Hence, in this

range, FTP is overestimating the emissions rate. For higher acceleration rates, the FTP

average emission rate is a poor representation and it is always underestimating the

emission rate.

Figure 5.11 presents the variation of MAFs over accelerations within the FTP

range but for speeds outside FTP range. The speed varies from 51 to 90 ft/sec. The
2  2

acceleration varies from -3 to +3 ft/sec . Over an acceleration between -3 ft/sec to 0

ft/sec^, the FTP average emission rate did not vary greatly with speed. For accelerations

of 1, 2 and 3 ft/sec^ , the FTP average rate is a poor representation for this speed range

and is always underestimating the emission rate.

Figure 5.12 presents the variation of MAFs over an acceleration range outside the

FTP cycle's range. The acceleration range varies from 4 to 12 ft/sec . The FTP average

emission found to be substantially lower than modal emission rates.
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SUMMARY

The analysis documented in this chapter shows that the FTP average emission rate

is not a good representation of modal emission rates. For various pollutants, under

specific speed and acceleration, the modal emissions are found to be 25 times to 155

times greater than the average FTP emission rate. The FTP emission rates are higher for

the deceleration mode. Although, the vehicle-seconds of operation in the acceleration

mode is not the largest among all modes for FTP cycle, vehicles are emitting the most

emission during that mode.
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Chapter 6

Evaluation of the Impact of a Traffic Engineering Strategy

on Emissions Using Modal Approach (TRAF-NETSIM) and

Average Speed Approach (MOBILESa)

Motor vehicles are direct contributors of carbon monoxide (CO), and particulate

matters, and tbey also contribute to the production of ozone by emitting hydrocarbons

(HC) and nitrogen oxides (NOx), which pbotocbemically react to produce ozone. In order

to be eligible for funding under Congestion Mitigation and Air Quality (CMAQ)

program, proposed transportation improvements must quantitatively demonstrate a

reduction in emissions level.

Although the effect of the driving mode of vehicle operation on emission is

recognized, limited attempt has been made to quantify the benefits due to traffic

improvement strategies using the modal approach. This chapter of the report presents the

details of an analysis that used both "modal" and "average speed" approaches for the

evaluation of the impact of a traffic improvement strategy on emissions from light duty

gasoline vehicles. The traffic improvement strategy to be analyzed is the coordination of

signal operation along an arterial road. A simple case study involving an arterial

operation is selected to achieve this objective. The analysis will be performed with

TRAF-NETSIM, a widely used traffic simulation model.

A "before" and "after" study, was performed by synthesizing exhaust emissions

based on the driving modes of operation. The mode of each vehicle for every second of
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operation (acceleration, deceleration, cruise and idling) is recorded and this information is

used to quantity the emission associated with the respective mode of operation. Traffic

Measures of Effectiveness (MOEs) for the "before" and "after" situations are compared.

The increase in mobility due to the traffic improvement strategy is assessed, and the

emissions rates are synthesized on the basis of various modes. The analysis identifies

which mode is the major contributor of exhaust vehicle emission. The environmental

MOEs are compared for each mode and also for the entire operation. This first set of

"before" and "after" studies was followed with another using the average speed approach.

Then a comparison was made of the findings based on the two different approaches.

Description of the Case Study

The highway network selected for this study is located in the city of Fargo, North

Dakota. This is a four-lane arterial (13'*' Avenue) running in east-west direction ivith a

number of cross streets between 25'^ Street and 45"^ Street. The cross streets have one

lane in each direction. Traffic moves in both directions. During the peak hour, the traffic

volume at the signalized intersection is 2382 vph (13"^ Avenue and 42"*^ Street). The

major street carries approximately 80% of the traffic volume, while the remaining 20% is

carried by the minor street. The posted speed limit on the arterial is 35 mph. A

schematic diagram is presented in Figure 6.1.

The traffic control system includes a variety of devices ranging from two-way

stop signs on minor streets to traffic signals. Interstate 29 runs in north-south direction.

There is substantial traffic interchange between the arterial and the freeway. Maior cross

streets are identified in the diagram. The geometry and traffic volumes of all the

intersections are available. The network has links varying in length from 180 ft to 1500

ft. There are six signalized intersections on the arterial. The signals are assumed to be

operating under a pre-timed mode. At unsignalized intersections, the side streets have

stop sign control. The approaches to the signalized intersections have lengths varying

between 1480 ft and 2700 ft. The lengths of side streets included in the network are

approximately 500 ft.
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Highway Schematic Diagram

Evaluation Using Modal Approach

Currently TRAF-NETSIM is available as a component of CORSIM program.

CORSIM is an integrated program to simulate a highway network consisting of both

freeways and surface streets. The program reports the results of freeway segments and

surface arterial segments separately. The network link-node diagram to prepare the input

data to run simulation is presented in Figure 6.2.
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Link-Node Diagram of the Case Study

The traffic improvement strategy to be tested is to study the effect of the
coordination of the signal system on traffic flow and emissions. Initially, the signal

settings at each intersection are treated as isolated cases. These individual signal settings
are optimized individually using the software PASSER. Simulation of the arterial
operation under these conditions is referred to as "isolated operation" in this report. The
same signal settings later are optimized by adjusting the offsets to create a pre-timed
coordinated operation. This is referred to as "coordinated operation" in this report.
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A summary of vehicle average speeds in both directions on the arterial and for the

overall network is presented in Table 6.1.

Table 6.1

Summary of Average Speed for the Two Cases (MPH)

Traffic

Utrvction

Isolated

Operation

Coordinated

Operation

Eastbound 16.1 17.2

Westbound 16.9 17.6

Side Streets 8.1 8.3

Network 11.4 11.8

6.8

From Table 6.1, the average speed for vehicles traveling in the eastbound

direction on the arterial improved by 6.8%. Although the average speed on side streets

improved slightly (2.5%), the average speed remained to be relatively low. As for the

entire network, the average speed improved by only 3.5%, after signal coordination was

implemented. This improvement is relatively small for such an effective traffic control

strategy. This may be due to the fact that the original pre-timed settings of signals at the

signalized intersections were effective for the overall network to start with.

The following is a comparison of the results of these two cases to determine the

effect of the coordination of signal operation on emission level.

Isolated Operation Scenario

The duration and total emissions for each mode along with the cumulative

emissions of all three pollutants (HC, CO, NOx) at the end of one hour of simulation

period for isolated operation of signals are presented in Table 6.2 and Figure 6.3.



Table 6.2

Summary of Environmental MOEs of Arterial Under Isolated Operation

Deceleration 977748 0.44 3.82 0.23

Acceleration 1007868 4.04 231.12 15.58

Cruise 544092 0.26 3.42 0.38

Idling 1390992 0.42 4.17 0.42

Cumulative 3,920,700 242.53 16.61

Figure 6.3

A Synthesis of Emissions Under Isolated Operation



From Table 6.2, the idling mode has the largest duration followed by the

acceleration mode. The emission values for HC and CO emissions are lowest in cruise

mode. However, NOx emission is lowest in deceleration mode. Emissions level during

the acceleration mode is largest and considerably larger than the emissions during all

other modes combined together. This is true for all the three pollutants. Based on the

simulation results, CO is the largest contributor among all three pollutants. This is

followed by NOx and HC, respectively. Figure 6.3 shows that 78% of HC and over 90%

of CO and NOx are emitted during the acceleration mode.

Coordinated Operation Scenario

After signal coordination was implemented, the simulation was executed again for

one hour, and the summary of results of environmental MOEs are presented in Table 6.3

and Figure 6.4.

Table 6.3

Summary of Environmental MOEs of Arterial Under Coordinated Operation

Vehicle Seeonds f HCEmissioii

of Operation j Kiiogranu

3.62

220.47

3.65

4.02

231.76

0.22

14.77

0.41

0.40

15.8

0.42925926Deceleration

Acceleration

Cruise

Idling

Cumulative

3.84968868

0.28577206

0.401340154

4.943,812,154



Figure 6.4

A Synthesis of Emissions Under Coordinated Operation

From Table 6.3, the vehicle seconds of operation under coordinated operation

follows similar pattern as the isolated scenario. As for the three pollutants, with the

exception of HC, the emission values for both CO, and NOx are lowest in the

deceleration mode. HC emission level is lowest in cruise mode. Figure 6.4 shows that

during the acceleration mode, over 90% of the CO and NOx is emitted. The acceleration

mode accounts for 77% of HC.



Results of Modal Approach

A summary of the cumulative hourly emissions based on the modal approach for

all three pollutants are presented in Table 6.4.

Table 6.4

Summary of Cumulative Hourly Emissions (Kilogram)

(Modal Approach)

Scenario Type HC CO NO,

Isolated Operation 5.16 242.53 16.61

Coordinated Operation 4.94 231.76 15.80

Cumulative Benefits +0.22 +10.77 +0.81

% Reduction 4.26 4.44 4.88

+ Indicates a Reduction

From Table 6.4, HC was the least contributor among all three pollutants for both

scenarios. This is followed by NOx and CO, respectively. There was a substantial

reduction in the cumulative hourly emission for all three pollutants due the

implementation of signal coordination. The percent reductions were 4.26%, 4.44%, and

4.88% for HC, CO, and NOx respectively. A comparison of the cumulative hourly

emissions in grams for all three pollutants under the two different scenarios is illustrated

in Figure 6.5.
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Comparison of Emissions (Modal Approach)



Evaluation Using Average Speed Approach (MOBILES)

The average speed approach of "MOBILESa model" was utilized to analyze the

impact of the same traffic improvement strategy (signal coordination) for the case study

described earlier in this chapter. A flow chart outlining the process that was used to

estimate the impact of such traffic improvement is presented in Figure 6.6. The total

emissions in Kilograms due to the traffic signal coordination over the entire network

were obtained using the following steps:

TRAP Input File

TRAF-NETSIM

Environmental

Parameters

TRAP Output
(Avg. Speed)

I
MOBILESa

(VMT)
Emission Rate

(Gram/Mile)

Total Emission

(Kilogram)

Figure 6.6

Average Speed Approach Process

Step I: Obtaining Relevant Traffic Parameters Using TRAF-NETSIM

TRAF-NETSIM reports speed and VMT on each link of the network. These

parameters are defined as below:

Vehicle Miles of Travel: This is the cumulative distance accrued over the duration of

study by all vehicles that traverse a link. It is estimated by taking into consideration, the

movement of each vehicle while responding to the traffic control devices.
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Link speed This is ratio of the cumulative distance traveled by all the vehicles on a link

to the cumulative time the vehicles spend traversing the link during the period of study.

Thus, it is the space mean speed, which is sensitive to any variation in the performance of

highway.

Step II: Obtaining Emission Rates (ERs)

MOBILESa was employed to estimate emission rates (ERs). Considerable care

was exercised in the specification of various parameters in the Local Area Parameter (LAP)

record. These parameters reflect the average conditions under which the emission values

in TRAF-NETSIM were obtained. MOBILESa was executed for 100 percent hot

stabilized light duty passenger vehicles. The average speed for each link as well as the

overall network average speed for both isolated and coordinated operation were input to

the program to obtain ERs. The model was executed using the appropriate registration

distribution by age, for each vehicle model year. The registration distribution by age is

presented in Table 6.5.

Table 6.5

Registration Distribution By Age

Vehicle Model Year Registration

Distribution

1981 0.166

1982 0.50

1983 0.167

1984 0.167

The actual mileage's on the six vehicles were not available; therefore, MOBILESa

(national average) annual mileage accumulation rates were utilized. The minimum and
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maximum temperatures, the base year and in-use Reid Vapor Pressure (RVP) are presented

in Table 6.6.

Table 6.6

MOBILESa Local Area Parameters

Minimum Temperature 60° F

Maximum Temperature 77" F

Base RVP 11.5

In Use RVP 11.5

Calendar Year 1984

Based on the above conditions, emission rates (ERs) expressed in grams per

vehicles mile of travel for each link and for the overall average network were computed

by MOBILESa. This computation was made for both isolated and coordinated

operations.

Step III: Obtaining Cumulative Emission of Pollutants

The ERs obtained in step II for each link on the network for both isolated and

coordinated operation were multiplied with its respective VMT to obtain the cumulative

emissions. Thus, the quantity of emissions were determined at each link level and also

for the overall average network condition. These are presented in Table 6.6. In addition.

Table 6.7 includes the space mean speed for each link in the network for both scenarios

(isolated Vs coordinated operation).
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Results of Average Speed Approach

A summary of the cumulative hourly emissions on a link by link basis for the two

cases (isolated Vs coordinated operation) is presented in Table 6.8.

Table 6.8

Summary of Cumulative Hourly Emissions for

All Links of Network (Kilogram)

Scenario Type HC CO NO,

Isolated Operation 8.10 123.62 8.98

Coordinated

Operation

7.91 119.46 8.94

Cumulative Benefits +0.19 +4.16 0.04

% Reduction 2.35 3.37 0.45

+ Indicates a Reduction

Table 6.8 indicates a decrease in HC, CO, and NOx emissions due to the

implementation of signal coordination strategy on the arterial. The percent reductions

were 2.40%, 3.48%, and 0.04% in HC, CO, and NOx, respectively. The reduction of

NOx was not as significant as HC and CO. This is because the base emission rates of all

three pollutants in MOBILE model are a function of speed. For HC and CO, the

emissions rates in the MOBILE model decrease with the increase in speed. However,

that is not the case for NOx. Beyond a particular average speed range, the NOx

emissions rates increase with the increase in average speed.

A summary of the network cumulative hourly emissions results using the

network- wide average speed for the two cases (isolated Vs coordinated operation) are

presented in Table 6.9.
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Table 6.9

Summary of Network Cumulative Hourly Emissions Results

Using Network Average Speed (Kilogram)

Scenario Type HC CO NO,

Isolated Operation 6.80 80.40 8.91

Coordinated

Operation

6.61 78.41 8.97

Cumulative Benefits +0.19 +1.99 -0.06

% Reduction 2.80 2.48 -0.67

+ Indicates a Reduction

- Indicates an Increase

The results of the aggregate approach of computation using the network average

speed were similar to those of the link-by-link approach. This is particularly true for KG

and CO. However, this was not the case for NOx emissions. The average speed

approach using the network average speed did not show a reduction in NOx emission.

Table 6.8 indicates a percent reduction of 0.45 in NOx emission, while Table 6.9

indicates an increase of NOx emissions (0.67%) when implementing signal coordination

on the arterial. Another difference of using link by link analysis (shown in Table 6.8) is

that the percent reduction in CO emissions is higher than what was found using network

average speed (3.37% versus 2.48%), respectively.
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SUMMARY

In this chapter, the effects of a traffic improvement strategy on exhaust emission

level using "modal" and "average speed" approaches were evaluated. The coordination

of signal operation along an arterial road was analyzed. As a part of this effort, TRAF-

NETSIM output was customized to report the cumulative pollutant emission and duration

of each driving mode. According to the traffic MOEs, there was considerable benefit due

to the improvement strategy (coordination of signals). The total number of vehicle

seconds over the entire network is reduced. Speeds on the arterial links were improved.

In addition, it was observed from this study that the acceleration mode was the largest

contributor of exhaust emissions among all driving modes.

When using the average speed approach, there was a difference in the cumulative

quantity of emissions when the calculation was based on link by link speeds versus the

network average speed. The percent reductions of both CO and NOx were more

significant when using link by link speed analysis. The average speed approach reported

a negative benefit (an increase) in NOx emission (-0.67) when average network speed

was used.

A summary of the percent reductions in cumulative hourly emissions for the two

different approaches "modal" versus "average speed" due to the implementation of signal

coordination on the arterial are presented in Table 6.10.

Table 6.10

Percent Reductions in Network Cumulative Hourly Emissions for

Two Different Approaches

Approach HC CO NO,

Modal 4.26 4.44 4.88

Average

Speed

Link by Link Speed 2.35 3.37 0.45

Network Average

Speed

2.80 2.48 -0.67
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From Table 6.10, the percent reductions due to signal coordination

using the modal approach were larger than those of the network average speed approach

by 1.46%, 1.96%, and 5.55% for HC, CO, and NOx, respectively. These differences in

benefits are significant, especially for NOx (5.80%). Similar trends were found when

comparing the percent reductions based on the modal approach with link by link average

speed approach.
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CHAPTER 7

Evaluation of the Effect of Driver Type (Aggressive VS Uniform)

Distribution on Emission Level Using Modal Approach

Driving behavior varies from person to person and affects the operation of

highway systems considerably. It has been recognized that variations in driving behavior

are not well represented by a fixed drive cycle like the Federal Test Procedure (FTP).

Some driving maneuvers involve high speeds and accelerations, putting heavy loads on

engines and thereby causing very high emissions. If an analysis of cumulative emissions

are made on the basis of the driving mode for every second of vehicle operation, the

impact of driver characteristics on the mobile emissions can be quantified. The main

objective of this analysis is to verify the validity of assuming uniform driver behavior in

the estimation of mobile source emissions. As a byproduct of this effort, a synthesis of

cumulative emissions of three pollutants (HC, CO and NG^ ) on the basis of driving

modes is made. In this Chapter, a simulation based approach to determine the impact of

driver behavior on emission level utilizing the same case study described in the previous

chapter is presented.

Selection of a Suitable Technique

Various field techniques including instrumented vehicle studies and chase car

studies are used by researchers to study modal emissions. It is very difficult to duplicate

human responses to innumerable traffic situations and run experiments. These field
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techniques are cumbersome, expensive, very difficult to be repeated. A suitable

simulation program that can realistically simulate human responses provides an

alternative means to evaluate transportation and environmental aspects of highway

operation. TRAF-NETSIM was considered a suitable simulation tool for the proposed

analysis involving driving behavior.

TRAF-NETSIM's ability to simulate the behavior of the driver population

distinguishes it among simulation programs. A unique feature of the program is that the

user can specify ten types of drivers with various driving attributes with regard to

different driving maneuvers. TRAF-NETSIM also offers the user to avail of the ten

default options for driver types. These values are used in this research effort. A summary

of the values that define various driving maneuvers of each driver type is presented in

Table 7.1.

The user can input data on various driving maneuvers to simulate real-world

highway operations. For example, the user can specify acceptable gaps (in tenths of a

second) in near-side cross traffic for vehicles at a stop sign and for far-side cross traffic.

The drivers' responses during the amber phase (the transition of the signal to the red

indication) are a function of acceptable deceleration of the lead moving vehicle. The user

can also input acceptable left-turn gaps during a permitted movement and right-tum-on-

red maneuvers (both in tenths of a second). The user can specify the start-up lost time.

Start-up lost time is the time spent by the first vehicle in queue before it avails of the right

of way, and it is expressed in tenths of a second in TRAF-NETSIM. The program's lane-

changing logic can be exploited by the user through the specification of a percentage of

cooperative drivers. Various thresholds can be defined by the user to simulate the driver

motivation to acquire mobility.

68



Table 7.1

Summary of Maneuver Attributes for Various Types of Drivers

Embedded in NETSIM ~

Driving Driver Driver Driver Driver Driver Driver Driver Driver Driver Driver

Maneuver Type Type Type Type Type Type Type Type Type Type

I II III IV V VI Vll Vlll IX x

56 50 46 42 39 37 34 30 26 20

2 12 21 26 31 35 39 42 46 49 51

3 21 18 15 12 9 7 6 5 4 4

4 78 66 60 54 48 45 42 39 36 27

5 100 88 80 72 64 60 56 52 48 36

6 75 81 91 94 97 100 107 111 117 127

7 218 140 125 118 102 86 78 63 47 23

8 170 120 120 110 100 100 90 70 70 50

Driving Maneuver 1: Acceptable gap (in tenths of a second) for near-side cross traffic for vehicles at a stop sign (Record type 142)

Driving Maneuver 2: Additional time (in tenth of a second) for far-side cross traffic in acceptable gap for vehicles at a stop sign

(Record Type 143)

Driving Maneuver 3: Amber phase response (in fpss) (Record type 144)

Driving Maneuver 4: Left-tum gap (in tenths of a second) (Record type 145)

Driving Maneuver 5: Acceptable gap (in tenths of a second) for oncoming traffic for right-turners (Record type 145)

Driving Maneuver 6: Free-flow speed (ft/sec) percentages (Record type 147)

Driving Maneuver 7: Start-up lost time (in tenths of a second) (Record type 149)

Driving Maneuver 8; Queue discharge headways (in tenths of a second) (Record type 149)

Specification of Driver Population

Depending on the aggressiveness of the driver, the driving maneuvers will be

different under a similar traffic flow situation for different drivers. In a highway system

operating under similar traffic flow conditions, different driver populations may be

expected to cause different amounts of emissions of pollutants. In order to test this

hypothesis, two mixes of driver population were identified: "uniform" and "aggressive."

In the uniform mix of drivers, all ten types of drivers are specified in equal proportions.

Source: TRAF-NETSIM User Manual
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As for the aggressive driver mix, all drivers on the network are specified to be type X

(ten).

A highway network with an identical fleet of vehicles operating under a similar

traffic control system is simulated two times. First time, the driver population has a

uniform mix of all ten types of drivers. In the second run of simulation, all drivers are

specified as aggressive. The results of the two simulation runs are to be compared from

both transportation and environmental perspectives.

Identification of Suitable MOEs

A comparative study is made for each link of the network and also the network as

a whole. Suitable MOEs (from traffic and environmental perspectives) are identified to

evaluate the impact of different mixes of driver types on mobile source emissions. The

results are presented below:

1. TrafficMOEs:

Delay has been widely recognized as the most critical MOB to evaluate the

performance of a highway system from a traffic engineering perspective. The delay on a

link is the difference between actual travel time and free-flow time for all vehicles that

enter the link during the period of study. This is expressed as vehicle-minutes in the

output reported by TRAF-NETSIM. Besides link based comparisons, the cumulative

value of delay for all vehicles on all links during the study period is also quantified by

TRAF-NETSIM.

The average speed of a highway link is helpful to determine the performance of

all vehicles on the link on an aggregate basis. The average speed on a link is the ratio of

the total distance to the total travel time spent by all vehicles traversing the link. This is

expressed as miles per hour (mph) in the output reported by TRAF-NETSIM program.
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2. Environmental MOEs:

TRAF-NETSIM reports emission rates of all three pollutants for every link in

grams/second. These values are determined for every second of vehicle operation from

the emission rates ( a function of speed and acceleration of the vehicle) embedded in the

program.

As a part of this study, the program was enhanced to report the cumulative

emission of pollutants for various driving modes. Four modes were identified for this

purpose. They are acceleration, declaration, cruise and idling. The program reported the

cumulative time of all vehicles in each mode (in vehicle-seconds) along with cumulative

emissions (in kilograms) of all modes combined.

Evaluation of Case Study

The highway network operation was simulated one time for each mix of driver

population. A comparative study of the results of the two simulation runs is presented as

follows:

1. TrafficMOEs

In this section, a comparative analysis from traffic engineering perspective is

presented. The average link speeds with aggressive driver population is always higher

than those with a uniform mix of driver population. As may be expected in real world

situations, aggressive drivers in the simulation run attained higher speeds.

The speed limit input to the program for all links on the arterial is 35 mph. The

program allows the aggressive drivers to attain a maximum of 39.5 mph. None of the

links attained that maximum possible speed. This may be due to vehicles stopping at the

traffic control devices.

The delay on the majority of links is less for aggressive drivers than that for the

uniform driver mix. As speeds went up, the travel time of vehicles is reduced. This

resulted in a reduction of delay on various links. This is found to be true across a number

of links irrespective of the traffic control system on the link.

71



In TRAF-NETSIM the response of drivers to the onset of the amber indication is

expressed in terms of an acceptable deceleration. The attendant logic applies only to the

lead moving vehicle in a lane that has no queue at the instant the signal turns amber. The

deceleration that is required for the vehicle to stop is readily calculated, knowing the

current position and speed of the vehicle. Using the maneuver attributes for various

driver types embedded in the model, a decile statistical distribution is entered, to

determine whether the acceptable deceleration extracted from this distribution exceeds

the required value . If so, the vehicle will stop; otherwise, it will continue through the

intersection. From the results of simulation, it is observed that aggressive drivers tend to

continue through intersections more often than the drivers of a uniform mix in response

to an amber indication. In addition, at the intersections with stop sign control on cross-

streets, aggressive drivers are quicker to find gaps in the traffic to get on to the traffic

stream and move quickly.

A comparison of the cumulative delay of all vehicles on all links for both driver

types is presented in Figure 7.1. The cumulative delays for aggressive drivers and

uniform mix are 11,560 vehicle-minutes and 17,946 vehicle-minutes respectively. There

is a significant reduction in delay when all drivers are aggressive. The cumulative delay

of all vehicles on the highway network decreased by 35.5% when all drivers are

aggressive in comparison with that with a uniform mix of drivers.
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A comparison of Delay for Different Driver Populations

Environmental MOEs

A summary of cumulative emission values of all three pollutants along with the

number of vehicle-seconds of various driving modes for uniform driver mix and

aggressive drivers is presented in Tables 7.2 and Table 7.3 respectively.



Table 12

Summary of Environmental MOEs for Uniform Driver Mix

Mode of

Operation

Vehicle-

Seconds of

Operation

Quantity of HC

Emission in

Kilograms

Quantity of CO

Emission in

Kilograms

Quantity of NO,

Emission in

Kilograms

Deceleration 483024 0.32 2.02 0.13

Acceleration 636960 3.65 255.74 12.59

Cruise 393516 0.21 2.50 0.36

Idling 744780 0.22 2.23 0.22

Cumulative Value 2258280 4.40 262.50 13.30

Average Rate

(grams/veh-sec)
0.001948 0.116239 0.005889

Table 7.3

Summary of Environmental MOEs for Aggressive Drivers

Mode of

Operation

Vehicle-

Seconds of

Operation

Quantity of HC

Emission in

Kilograms

Quantity of CO

Emission in

Kilograms

Quantity of NO,

Emission in

Kilograms

Deceleration 340314 0.26 1.39 0.10

Acceleration 649056 5.39 418.52 17.54

Cruise 221304 0.13 1.50 0.36

Idling 637098 0.19 1.91 0.19

Cumulative Value 1847772 5.97 423.32 18.19

Average Rate

(grams/veh-sec)

0.003226 0.2229013 0.009844
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These data are represented in pie charts in Figure 7.2 and Figure 7.3, clearly

identifying the contribution of each mode.
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Figure 7.2

A Synthesis of Environmental MOEs for the Uniform Driver Population
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Idling mode has the highest vehicle-seconds of operation when the arterial is

operating under uniform driver mix. However, the quantity of emissions for all three

pollutants for that particular mode is the lowest among all modes. Acceleration is the

second longest mode under which vehicles operated with uniform mix of drivers. The

percentage of cumulative quantities emitted during the acceleration mode is equal to 83%

for HC, 97% for CO, and 95% for NOx. It is clear that a major quantity of pollutants is

emitted during the acceleration mode. Though the deceleration mode accounted for 21%

of the time, its contribution is not as much as acceleration. The cruise mode contributed

the lowest amount of pollutants.

When the highway system operated under all aggressive drivers, the mode that

recorded the longest time was acceleration. Interestingly, the duration of idling remained

at approximately 34% of the time of vehicle operation for both types of drivers. This

implied that aggressive drivers used acceleration to attain more mobility at the cost of

cruise. This is reflected in the quantities of emissions of all three pollutants. Of all the

modes, acceleration remained the major contributor of all three pollutants.

A comparison of cumulative values for the entire duration of simulation is

presented in Figure 7.4. According to the comparison of cumulative quantities for the

duration of the study as presented in Figure 7.4, the aggressive driver population

contributed greater quantities of pollutants. The cumulative vehicle-seconds of operation

decreased a significant 18.1%, which resulted from the savings in delay achieved by the

quick maneuvers of the aggressive drivers. The average emission rates per vehicle-

second of operation for the duration of study were compared for the two types of driver

population. Figure 7.5 presents such a comparison. The average emission rates per

vehicle-second of operation were higher for the aggressive driver group. The largest

increase occurred for CO (192%), and a similar increase occurred for NG^ (167%) and

HC (165%).

77



D- 1 6.. ms^mn
5. mmm

bbbi
1  oj ^ 1 IHHil 1

Aggressve Aggessiw

Total Vfetiide-Seoonds Total HC Brisslon (Mlograms)

fBssna UhtbrmMx

Total CO Biission (WlograrrB)

fg^esaM UniorTn

Total NOx Brisacn (KHogarrs)

Figure 7.4

A Comparison of Environmental MOEs for Different Driver Populations

'  t



0.25

0.2

0. ••

Aggressive Uniform Mix

Average HC Emission (Grams/Vehicle-Second)

Aggressive Uniform Mix

Average NOx Emission (Grams/Vehlcle-Second)

Aggressive Uniform Mix

Average CO Emission (Grams/Vehicle-Second)

Figure 7.5
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SUMMARY

The major emphasis of this chapter is to show that the non-uniformity of driver

population can cause substantial difference in emissions estimation. A simulation-based

procedure for quantifying the effect of driver behavior on mobile source emission level

was used. Various Measures of Effectiveness (MOEs) to evaluate the highway network

operation from environmental perspective were identified. Two mixes of driver

characteristics were selected: "uniform" and "aggressive." For a highway network

operating under similar conditions, the effect of two types of drivers on the emission of

pollutants were evaluated. Based on the simulation analysis, it was determined that

different driver mix with different acceleration/deceleration patterns will result in

substantially different amount of emissions.
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Chapter 8

Conclusions and Recommendations

This study identified the strengths and limitations of the "modal" and "average

speed" approaches for vehicle exhaust emission estimation. To make a valid comparison

between the two approaches, the hot-stabilized portion (Bag 2) of the FTP cycle was used

as a common platform to calibrate the two independent approaches.

Baseline Comparison of Average Emission Rates

from a Modal Approach and an Average Speed Approach

The second by second profile of the FTP cycle was synthesized using the modal

emission rates of TRAF-NETSIM. The cumulative emissions of all three pollutants (CO,

HC, and NOx) were quantified for each driving mode. Next, the average FTP emission

rates of MOBILESa were compared with the modal emission rates embedded in TRAF-

NETSIM.

The modal-based synthesis produced interesting results. With respect to the

duration of different driving operating modes, vehicles spent the highest number of

seconds in the cruise mode. This was followed by the acceleration, idling, and

deceleration modes, respectively. The longest duration of cruise mode did not produce

the largest quantity of HC, CO, and NOx.

During the acceleration mode, vehicles produced the most HC emissions (56.1%).

Similarly, the highest amount of CO and NOx were emitted ~ 64.9% and 83.5%
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respectively- during the acceleration mode. From this study, one can conclude that the

quantities of pollutants emitted during a particular mode were not proportional to the

duration of that mode. This implies that if the driving modes of vehicles operating on

highways are different from those in the FTP drive cycle, the level of HC, CO, and NOx

emissions will be different.

Under similar conditions with respect to various factors that influence exhaust

emission rates, the average emission rates reported by MOBILESa for the FTP cycle were

greater than the average emission rates obtained from TRAF-NETSIM. Within the

operating range of the FTP hot-stabilized portion, the emission rates for HC and CO

obtained from MOBILESa — 2.09 mg/sec and 31.25 mg/sec respectively— were at least 3

times higher than TRAF-NETSIM emission rates — 0.66 mg/sec and 10.07 mg/sec

respectively. However, for NOx, these rates were approximately one and half higher —

3.01 mg/sec versus 1.95 mg/sec. A part of the differences in average emission rates

between the two approaches may be due to the fact that the actual mileage's of vehicles

used in ORNL testing were not available. Therefore, the default values for the mileage

accrual rate in M0BILE5 were used. Of note, actual mileage is a critical input for

making corrections to the base emission rates, included in MOBILE. In addition, the

base emission rates of MOBILE are obtained within a temperature range of 68°F to 86°F

to ensure the consistency of test results.

The speed and acceleration profiles of various vehicles may vary with the driver

behavior, the type of traffic control operation, and traffic volume. When the profiles are

different, the duration of modes and the limits of modes will also be different. A fixed

drive cycle with a fixed duration of each driving mode will not be representative of such

vehicle operations. Any analytical model that is dependent on a fixed drive cycle will not

be able to make a realistic estimation of emissions under different driving environment.
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Development and Analysis of Modal Adjustment Factors

This study developed modal adjustment factors (MAFs) for each pollutant, which

was defined as the ratio of the actual emission rate embedded in NETSIM for a specified

combination of acceleration and speed to the average FTP emission rate of the pollutant.

This study illustrated that MAFs varied widely — from 0.3 to more than 150 times —

implying that the average FTP emission rates are not truly representative of modal rates

within the considered ranges of speed and acceleration.

Although the MAFs of certain pollutants vary widely across various speeds and

accelerations, a specific trend can be associated with the mode. The MAFs consistently

increased with the increase in speed. However, the variation was not very large for either

the deceleration mode or the cruise mode. The MAFs for the acceleration mode were

very large, implying that the FTP average emission rates were a poor representation of

the acceleration mode. This is particularly true for high speeds (>50 ft/sec) and high

accelerations (>5 ft/sec ).

Evaluation of the Impact of a Traffic Engineering Strategy

on Emissions Using Modal Approach (TRAF-NETSIM) and

Average Speed Approach (MOBILESa)

Although, the effect of the driving mode of vehicle operation on emission is

recognized, limited attempt has been made to quantify the benefits due to traffic

improvement strategies using the modal approach. Chapter 6 of the report demonstrated

the use of both "modal" and "average speed" approaches for the evaluation of the impact

of a traffic improvement strategy on emissions from light duty gasoline vehicles. The

traffic improvement strategy that was analyzed was the coordination of traffic signal

operation along an arterial road. A simple case involving an arterial operation was

selected to achieve this objective. The determination of driving mode related data via

field measurements is a cumbersome and expensive process. Consequently, a simulation

technique was employed to perform the modal emission analysis. The analysis was
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performed using TRAF-NETSIM for the modal approach and MOBILES a was used for

the average speed approach.

A "before" and "after" study, was performed using the two different approaches.

With respect to the modal approach, the driving mode of each vehicle for every second of

operation (acceleration, deceleration, cruise and idling) was recorded using TRAF-

NETSIM. This information was used to quantify the emission associated with each mode

of operation. The traffic Measures of Effectiveness (MOEs) for the "before" and "after"

situations of the traffic improvement strategy were compared. The increase in mobility

due to the traffic improvement strategy was assessed, and the emissions rates were

synthesized on the basis of various modes. The analysis identified which mode was the

major contributor of exhaust vehicle emission.

Considerable care was exercised in the specification of various parameters in

MOBILESa's Local Area Parameter (LAP) record. The values of these parameters

reflected the average conditions under which the emission values in TRAF-NETSIM

were obtained. Various output parameters from TRAF-NETSIM were used as inputs to

MOBILESa to obtain emission rates for all three pollutants. These parameters are: average

links speeds on each link in the network, and network wide average speed. The following

conclusions were drawn from the results of analysis;

• Although the duration of the acceleration mode was not the longest of all the

modes, the acceleration mode was the largest contributor of exhaust emissions.

• The exhaust emission rates resulting from the acceleration mode were greater

than the :ombined emissions from the other three modes. This was true with

and without the coordination of traffic signals.

• Although the duration of the idling mode was longer than that of acceleration,

the emissions during idling were considerably less.

• Based on the traffic MOEs, the improvement strategy (i.e., the coordination of

signals) provided substantial benefits. This was particularly evident in the

reduction of the total number of vehicle seconds over the entire network. In

addition, the number of stops as well as the delay was reduced. Furthermore,
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the speeds on the arterial links improved, and the mobility improved

considerably over the entire network.

• While the duration of the cruise mode increased slightly, the duration of the

other three modes (acceleration, deceleration, and idling) decreased as a result

of the coordination of signals.

• Based on the modal approach, there was a substantial reduction in the

cumulative hourly emission for all three pollutants due to the implementation

of signal coordination. The percent reductions were 4.26%, 4.44%, and 4.88%

for HC, CO, and NOx respectively.

• Similar results were found when executing MOBILESa using link by link

speeds as well as network average speed for HC and CO. However, this was

not the case for NOx emissions. The average speed approach using the

network average speed did not show a reduction in NOx emissions.

• One difference in using link by link speeds when executing MOBILESa is that,

the percent reduction in CO emissions is higher than what was found using

network average speed (3.37% versus 2.48%), respectively.

• Based on the average speed approach, the cumulative hourly emissions indicate

a decrease in HC and CO emissions due to the implementation of signal

coordination ~ a percent reduction of 2.80% for HC and 2.48% for CO.

However, there was a slight increase in NOx emissions (0.67%).

• The estimated benefit of signal coordination using the modal approach was

larger than those of the average speed approach. The difference in 'percent

reductions' were 1.46%, 1.96%, and 5.55% for HC, CO, and NOx,

respectively.

• The average speed approach reported a negative benefit (an increase) for NOx

(-0.67%) due to signal coordination.
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Evaluation of the Effect of Driver Type (Aggressive vs. Uniform)

Distribution on Emission Level Using a Modal Approach

The base emission rates of EPA's MOBILE model for estimating the emissions

from mobile sources are based on a standardized drive cycle, and it does not account for

the fact that driving behavior is not uniform across the driver population, and that this

nonuniformity can cause substantial difference in emissions.

This study developed a simulation-based procedure for quantifying the effect of

driver behavior on mobile source emissions. Two mixes of driver populations were

selected: uniform and aggressive. In the uniform mix, all ten types of drivers recognized

in TRAF-NETSIM model are specified in equal proportions. As for the aggressive mix,

all drivers on the network are specified to be type X (ten), that is all are assumed to be

aggressive. For a highway network operating under similar conditions, the effects of

these two types of drivers on exhaust emissions were evaluated.

The following conclusions and recommendations are based on the results of this

study. When drivers are aggressive on arterial roads, the efficiency of the traffic system

increased. The speeds on the majority of links were considerably higher. Delay and the

number of stops decreased. Aggressive drivers were specified to attain speeds that were

27% higher than the posted speed limits on varies links. The simulation indicated that

with aggressive drivers there was low start-up lost time at intersections, quick amber-

phase response, and short queue discharge headways. Similarly at traffic stop signs,

aggressive drivers are specified to take reasonable risks to find acceptable gaps in the

traffic. Although the arterial system was actually designed for the posted speed limit, it

was found to perform better with aggressive drivers, and the cumulative delay decreased

by 33%.

From an air quality perspective, the status of the environment was unfavorable

with aggressive drivers. The cumulative emissions with aggressive drivers increased.

The cumulative emissions for HC, CO, and NOx increased by 26%, 37%, and 27%,

respectively. The average emission rates per vehicle-second of operation were higher for

the aggressive driver group. The largest increase occurred for CO (192%), and a similar
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increase occurred for NO^ (167%) and HC (165%). These results demonstrate that the

emissions increased significantly when all drivers were aggressive. In addition, the

results support the hypothesis that an assumption of uniform driver behavior across the

entire driver population may cause an error in the estimation of exhaust emissions.

Summary of Conclusions

According to the synthesis of the emissions by mode, acceleration was identified

as the major contributing source of emissions among the driving modes of vehicles. High

accelerations under particular speeds can cause a large increase in the emission of

pollutants. In addition, acceleration alone may be responsible for more than 90% of total

emissions.

It should be noted that this study is limited to nonffeeway arterial operations only.

Because freeway operation is different with respect to acceleration and speed, a similar

analysis should be performed to evaluate freeway operation to gain a more

comprehensive understanding of the characteristics of modal emissions.

The base emission rates in the MOBILE model depend on the data from the FTP

drive cycle. Future efforts to enhance the FTP drive cycle should include the impact of

driver behavior on the base emission rates. This would result in more realistic estimation

of mobile source emissions under different driving environments.

In conclusion, the finding of this study may have implications for the air quality

assessment of transportation control measures (TCM's). Under the Congestion

Mitigation and Air Quality Improvement (CMAQ) program, TCM's projects are eligible

for funding when a net reduction in emissions of all three pollutants (HC, CO, and NOx)

can be attained. Some TCM's projects that are not considered for funding imder the

current "average speed" may now be found eligible using the modal approach. The

current average speed approach usually often shows that higher vehicle speed increases

NOx emissions while reducing VOC and CO emissions. This "NOx dilemma" may not

be valid in all cases.
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333 00 13254033000 16.50.0 337 196 547338 00 3.35010.0 341 800.0 340 5009900 0 0344 5540.0 000 0 3*3 5530.0342 1 0 0.0347 5570.0 0.00.0 340 set00see343 109 0.05003607.6 0.042 349 5500.0see340 200 0.0503363172 00142 352 5020.0252 501361 0.050035023.7226 356 S000.0564300 3233028.1 10^20.0 350 0.0507307 32.1 13 030231 0306 301 5716 6570346300 17 0365330326 304 57414.6573346 17630034.934 6 307 17 C570356 17650137134.7 17346 370 50057936.0 10.696*37430.030.0 373 50330.0 502372 17.050737730.030.0 370 50830.5 509375 106900300 10230.4379 10.030.1 30.1370 1769003*330.0 17.030.4 302 10.031.4 202900380 19233234.1 385 10223.0 21225.7 21.1292 21.0146387 22.4802382176 22.0202 381 80131.85 4380 22680667 22.512.0 394 22.50.0 25.123.70.0387 80722.72.1 0.0 27.0401 262 6110.00.0 400 8102625.9 196614404 2222.60.0 403 51328.1512156 9.540712.5 12.992 405 51615261525.0405 0.O410 1022.4 51919.1 5201829.0 0.0823413 ao27229.6 412 8220.002130.0 0.0411 418 8280.0».130.0 415 8250.0C?4286414 0.0419292 0.062929 7 418 0.082721.7417 0.0633422250 0.029.0 421 8310.0330116420 0.0429 0.015.116.4 424 634006331.9423 0.042852 0.09.5 427 8370.06380.0438 0.0431 0.00.0 8410.0 430 6400.00.0 0.0429 434 060.0 643o.c
0.0

0.0
0.0

0.0

0.0
9.9
19.8
27.8

33.0

35 1
36.0

360
36.0
354

352

352
352

00042O.C 46432 437 100.0 0.00.0435 12.S1020.0 6497600435 1761520.0 05214.00.0 222441
21.0 5650.0 85519.65545.6 25265824632 85023.3166447 26.1452 26.0132 561451

454

457

450

403
406

409

472

475

478

481

256400 284 264456 262 66523.1 064252683316 26.0453 455 28.529.1 86726.5686456 346 21 4671*61 23.633.6 67025.5689 146*50 36.1 67416.435.6 87316.5672362402
ss.407 8.736.1 67611667536.0406 2.0 W47036.7 67936678356 O.C400 883473 0.0356 6820.0681 00471 352 0.0 686476352 6850.0654352 0.0474
6890.0479352 68800687477 O.C35 1 892482 0.035 0 0 u I 891090*80 352485355

403
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Pt. 66, App. I

EPA Urban Dynamomfter—Continued

Driving Schedule
ISp««d varu fun# Saquano*|

40 CFR Ch. I (7-1-93 Edition)

EPA URBAN Dynamometer—Continued
Driving Schedule

fSpaad versus Ttme S«Quano«i

nme ScMd rtme *jnnod nme Speed rime Time

[sac;
speed

(m.p.n.)
Time Speed

("'-PA)(m.p.h.) (m.pji.) (sec

0.0 694 33 900 36.9 901

26^ 904

36^ 907

36.6 903 36.5606 4.4 607 6.5 608 903 36.5 905 26J3yrII j 700 13.5 14.6 906 36^ 908 259703 16.4 703 16.7 704 16.5 900 35.6 910 35.6 911 35.9705 . 16.5 16.3 707 19.3 913 35.6 913 35.5 24.6706 30.1 31.5 710 22.5 915 23u5 916 22:2 21.6711 ..._ Z2.S 22.1 713 22.7 918 21.6 919 21.7 920 22.6
33J 715 23.5 716 22.5 23.4 922 24.0 24.3

cm
7

716 20.5 719 16.0 %4 34.4 935 24.9 25.120 15.0 721 ..... 12.0 722 ...... 9.0 927 25.2 926 253 929 255723 6J 724 45 725 3.0 930 255 931 25.0 933 25.0726 ..... 727 729 0.5 933 255 934 24.7 935 245
35 65 731 9.6 936 245 937 245 936

25.0 941

?45732 125 733 14.0 734 16.0 9397^: 25.0 940 24.6
185 736 19.6 737 215 942 24.6 943 24.1 345
33.1 730 245 740 355 945 35.1 25.6 35.1iL. 205 742 27.1 743 37:6 946 34.0 949 22.0 20.1744 275 745 285 746 28.6 961 165 962 13.6 963 105747 26.6 748 205 292 964 956 3.7 0.4750 26.0 751 275 7S2 05 966 0.0753 255 754 ^r5235 756 . 2.0 961 S.O 962 6.6756 19.0 767 165 756 14.9 963 115 964 155 175759 125 9.4 761 65 966 56r18.6 967 20.0 21.1762 3.0 1.5 764 960 22.0 970 23.0 245766 05 0.0 767 3.0 972 265 973 27.5 26.1766 65 9.6 770 125 975 28.4 976 285 285771 155 175 773 154 976 285 275774 . 195 5 . 20.7 776 22.0 961 272 365 983 265777 235 25.0 779 265 904 265 908 255780 275 285 782 285 907 245 22.0 215783 285 285 786 285 990 215 991 215 902 225786 265 787 285 780 385 983 335 994 225 906 225780 285 700 205 791 986 235 997 22.7 22.7782 27.8 793 275 794 1000 235 IWl

1004 ....

1007 ....

1010 ....

1022 ....
1025 ...

1028 ...
1031

1034 ....

1037 ...

1040 ....

1043 .... I
1046 ...

1049 nnnn

:ta5r^.

34.0796 275 786 275 275 1003 .. 24.8 25.1788 275 788 27.6 800 28.0 265 1006 2S.6 255801 205 002 30.0 31.0 26.0 1009 24.1 33.732.0 »5 008 33.0 335 1012 .... 22.9 22533.6 808 345 8086T5^ 345 1014 22.0 (015 21.6 205345 811 34.0 •12 34.5 1017 175 1016 ... 145 10.9m913 335 33.5 33.1 1020 7.6 1021 45616 335 325 325 1029 05 1024 .... 0.0 0.0619 315 31.6 1028315 05 1027 0.0 0.08Z2 ».e ^4»5 295 1029 0.0 1030 0.0 0.0825 ... 295 828 295 395 1032... 0.0 1033 0.0 0.0828 39.6 829 295 9^ 395 1035 05 1036 ... 0.0 0.0831 395 832 205 833 385 1038 0.0 1039 0.0 0.0834 27.7 836 27.0 836 255 1041 0.0 042 0.0 0.033.7 225 838 205 'M4 05 1045 05 0.0940. 195 641 105 842 20.1 1047 00 1046 0.0 Q.O643 205 21.4 345 22.0 1050 0.0 1051 0.0 0 0646 22.6 647 235 24.0 053 054 4.0648 25.0 850 285 961 28.6 1066 10.6 057 135 17.0662 28.8 863 265 854 27.0 1069 185 080 20.0 215865 272 856 275 867 38.1 1062 23.0 063 24.0 245656 28.8 668 285 29.0 1066 25.6 066 265 067 26.8861 29.1 58329.0 26.1 27.4 009 27.9 1070 36.3664 275 27.0 255 28.0 1072 27.5 27.01073 ....667 25.0 668 i 245 245 074 270 075Sfo 265 107 24.587r25.1 265 672 25.7 ;Tp77
lOBKK

225 1078 215 79 205973 292 974 ..... 265 873 275 . tOG16.0 061 15.0 12J676 27.6 877 28.4 878 29.0 foao- 06411.1 10.010.6 1085679 295 880 39.1 39.0 1086 95 1087 1068 9.7682 285 883 285 26.1 1069 66 090 6.8 1091885 *728.0 38.0 27.6 106B 6.7 66 6.01094 ...
272 Sow36.6 690 27 0 1096 7.0 5.0 42*1097891 275 882 275 883 36.0 10W 26 ifoD-..099 00
275 896 38.0 896 28.0 1101 0.6 1103
29.0 896 27 7 899 27 4 1104 36 lOO6.9 1106
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Environmental Protection Agency

EPA URBAN OvNAMOMETER—ConLnued
Driving Schedule

[SOMd v«f*iS SaQVAenc«{

SoMdnm^ScMdrim#spMdr-rn#
aft )m p n.)[m.p.n.) sac IS0CJ

4 54 0l iOA07^ 2 8
20.0tnz.

>
ifl.O tin~Tno

-fi5 . 21 321 221 0 I 114
22.521 7111721,41116
24^112123812023.01-UJ ...

11227^
24 8112424.31123250
25.811275.4112625.0n25
26.813a26.4112926.01128
270113327 0113226.91131
26826.9 113627 01134
26.4113926.52681137
24825-52601140
200114.5^21 523.5 11441143
140114816 017.5 1147

115110.7 1150
0.011540011530.81152.
0.01157O.O11580.0nSS...
O.O11600.011590.01158 ...»
0.011630.011620.01161
0.011660.0U166 .

?nir:
0.01164

11690.00.01167.
12.01171 ,. 9.7 11725.41170

1175 21,118.6117415.3
23.011782351177230
16.7118120.0110022.5
68iri2. 16410.113.4
0.0116702381189
0.00.0 11900.01188
0.011930.01192 ..0.01191
C 011960.00.0tl94
3.51190021197

'2.01202988.51200
12.6120613.012.91203

ffjor 13.113.112.8 1207206
t2T1 - 17 015.514.0 12101209

21.0121419.718.8 1213 ..1^12 —

>

218121721 8218 1216
2183in. 21.21219218
21822.012222181221
21821821.7i2t4
198122920.121.41227
198123219.61981230
178123619.520.01233
10.01238 —13.01581238
406.0 1241801239
0.00.7 1244281242
0.00.0 12470.01246
0.012600.012490.01248

126312520.01261
125812561.01264

4.012593.012581.6
8.012626.35.0 1261
98126610810.0- 1264
881268 ̂7.6126788
17.0127114.01270118
21.821.9198 1273
23.823.0127622,2
24824812791279 24.1
23.5238 1283128224.01281
238128623.512862381284
24.124.0238 12881287
25.024.7248 12911290 —

179S/. 25.725.81294<293 25.4
27026,2129726.01298
29.028827 81298
26.0,130429.029.11302
18.1130721.424.7 13081308
12IW118U.81308
0813131.61312491311

Pt. 5^. App. I

EPA UPSAN DYNA>40*eTER—Continued
Driving Schedule

Soeed ttr%a nm« S«3u««»l

r.m# SoMd niT># Sceed

sec.) im p.n.) fsac) (m.oft.) ;sac.)

'314 .... 3 0 1315 ... 00 1316 -■ 00

1317 00 1318 ... DO •319 . .. 00

1320 .... 0.0 1321 ... 0.0 '322 . 0 0

1323 0.0 1324 .... 0.0 1325 ... 0.0

1326 00 1327 ... 0.0 1328 ... 00

'129 0.0 1330 ... 0 J 1331 .... 0.0

1332 .... 0,0 1333 . 0.0 1334 .. 0.0

0.0 1336 .... •  0.0 T337^. 0.0
M

1 5 1339 48 ^T340 ... 8.1

1344

It 4 1342 .... 138 j;i43 ...... 15.1

16.8 1346 ... 188
'349^...

195

1347 208 1346 .... 21 3 21 9

1356

22.1
21 0
20.0

1351 .
1364 ...
1357 ...

22 4
21.1
196

1352 ....
1356 ..
1356 -

220
208
18 5

IMO

.

178
14.0

1300 ....
1363 ....

168
110

1361 ... 158
8.0

1366 58 1366 .... 28- rtSiO. 0.0

1360 ....
1371 ...-

0.0
0.0

1369 ....15^ 0.0
0.0

1370 ... 0.0

TTie dla«r»m» below show the r*n»e of *c-
cept*ble speed tolerencee for typical polnta.
The curve on the left Is typical of portions of
the speed curve which are Increasing or de
creasing throughout the 3 second time Inter
val. The curve on the right Is typical of por
tions of the speed curve which include s
maximum or minimum value.
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Appendix II

EMISSION TABLES EMBEDDED IN TRAF-NETSIM
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HC Emission Rate (grams/sec)*10'

Speed
(ft/sec)

Acceleration (ft/sec^)

-9 >8 •7 •6 •5 -4 -3 •2 •1 0 1 2 3 4 5 6 7 8 9 10 11 12

0 3 3 3 3 3 3 3 3 3 3 4 4 5 7 8 8 9 10 10 10 10 10

1 3 3 3 3 3 3 3 3 3 3 4 4 5 7 7 7 8 9 10 12 13 13

2 3 3 3 3 3 3 3 3 3 3 3 4 5 7 8 8 8 8 9 11 14 17

3 3 3 3 3 3 3 3 3 3 3 3 4 6 7 8 8 9 9 10 12 14 18

4 3 3 3 3 3 3 3 3 3 3 4 5 6 8 9 9 10 10 11 13 15 19

5 3 3 3 3 3 3 3 3 3 3 4 5 7 9 10 11 11 12 13 15 17 21

6 3 3 3 3 3 3 3 3 3 3 4 5 7 10 11 12 13 14 15 17 20 24

7 3 3 3 3 3 3 3 3 3 3 4 5 8 11 12 14 14 16 18 20 24 28

8 3 3 3 3 3 3 3 3 3 3 4 6 8 12 14 15 16 18 20 24 28 32

9 3 3 3 3 3 3 3 3 3 3 4 6 9 12 15 16 18 20 24 28 32 37

10 3 3 3 3 3 3 3 3 3 3 5 6 9 13 15 17 19 22 27 32 36 41

11 3 3 3 3 3 3 3 3 3 3 5 7 9 13 16 19 21 25 30 36 41 46

12 3 3 3 3 3 3 3 3 3 3 5 7 10 14 17 20 22 27 34 40 45 51

13 4 4 4 4 4 4 4 4 4 4 5 7 10 14 18 20 23 29 37 44 49 56

14 4 4 4 4 4 4 4 4 4 4 5 7 10 15 18 21 25 32 40 49 54 63

15 4 4 4 4 4 4 4 4 4 4 6 8 11 15 19 22 27 34 44 53 58 72

18 4 4 4 4 4 4 4 4 4 4 5 8 11 16 19 23 29 37 48 55 62 82

17 4 4 4 4 4 4 4 4 4 4 6 9 12 16 20 24 31 40 51 59 68 78

18 4 4 4 4 4 4 4 4 4 4 6 9 13 16 20 26 33 43 55 63 76 79

19 4 4 4 4 4 4 4 4 4 4 6 9 13 16 21 28 36 47 60 68 80 80

20 4 4 4 4 4 4 4 4 4 4 6 9 14 17 22 30 39 52 63 72 80 80

21 4 4 4 4 4 4 4 4 4 6 10 14 18 24 32 42 56 66 77 80 80

22 4 4 4 4 4 4 4 4 4 4 6 10 14 18 26 34 47 62 71 83 83 83

23 4 4 4 4 4 4 4 4 4 4 7 10 14 19 26 37 52 69 76 88 88 88

24 4 4 4 4 4 4 4 4 4 4 7 11 15 20 28 41 57 74 83 93 93 93

25 4 4 4 4 4 4 4 4 4 7 10 15 21 30 45 63 80 91 98 98 98

26 4 4 4 4 4 4 4 4 4 4 7 11 16 22 31 49 69 85 98 101 101 101

27 4 4 4 4 4 4 4 4 4 4 7 11 16 23 33 54 74 89 103 103 103 103

28 4 4 4 4 4 4 4 4 4 4 8 12 17 24 35 59 78 92 105 105 105 105

29 4 4 4 4 4 4 4 4 4 4 8 12 17 25 37 63 81 95 106 106 106 106

30 4 4 4 4 4 4 4 4 4 4 9 13 17 27 39 65 84 99 107 107 107 107

31 5 5 5 5 5 5 5 5 5 4 9 13 18 28 46 66 87 102 107 107 107 107

32 5 5 5 5 5 5 5 5 5 5 9 13 18 26 49 68 90 105 107 107 107 107

33 5 5 5 5 5 5 5 5 5 5 9 14 19 27 51 71 93 108 108 108 108 108

34 5 5 5 5 5 5 5 5 5 5 9 14 19 27 54 74 96 110 110 110 110 110

35 6 6 6 6 6 6 6 6 6 5 10 15 19 28 56 76 100 114 114 114 114 114

36 6 6 6 6 6 6 6 6 6 5 10 15 20 29 60 81 106 119 119 119 119 119

37 6 6 6 6 6 6 6 6 6 5 10 15 20 30 64 87 113 124 124 124 124 124

38 7 7 7 7 7 7 7 7 7 5 10 16 21 32 68 94 121 128 128 128 128 128

39 7 7 7 7 7 7 7 7 7 6 10 16 22 33 73 99 128 131 131 131 131 131

40 8 8 8 8 8 8 8 8 8 6 11 17 21 35 78 104 133 134 134 134 134 134

97



HC Emission Rate (grams/sec)*10'

Speed
(ft/sec) Acceleration (ft/sec^)

•9 •8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12

41 8 8 8 8 8 8 8 8 8 5 11 17 22 37 83 109 137 136 136 136 136 136

42 9 9 9 9 9 9 9 9 9 5 11 17 23 52 68 115 140 140 140 140 140 140

43 10 10 10 10 10 10 10 10 10 5 12 18 24 54 94 122 146 143 143 143 143 143

44 10 10 10 10 10 10 10 10 10 6 12 18 25 57 102 131 153 147 147 147 147 147

45 10 10 10 10 10 10 10 10 10 6 11 19 26 48 110 140 161 152 152 152 152 152

46 11 11 11 11 11 11 11 11 11 6 11 19 27 51 117 148 162 162 162 162 162 162

47 11 11 11 11 11 11 11 11 11 6 12 20 28 54 120 153 163 163 163 163 163 163

48 11 11 11 11 11 11 11 11 11 6 12 20 29 58 122 155 162 162 162 162 162 162

49 11 11 11 11 11 11 11 11 11 5 12 21 30 62 124 155 158 158 158 158 158 158

50 11 11 11 11 11 11 11 11 11 5 12 22 32 65 127 155 154 154 154 154 154 154

51 11 11 11 11 11 11 11 11 11 5 12 22 33 69 128 152 148 148 148 148 148 148

52 11 11 11 11 11 11 11 11 11 5 12 23 35 75 134 153 151 151 151 151 151 151

53 11 11 11 11 11 11 11 11 11 6 12 24 37 80 135 153 153 153 153 153 153 153

54 12 12 12 12 12 12 12 12 12 6 13 21 39 85 134 153 153 153 153 153 153 153

55 12 12 12 12 12 12 12 12 12 6 13 22 42 90 136 149 149 149 149 149 149 149

56 13 13 13 13 13 13 13 13 13 6 13 22 45 94 139 147 147 147 147 147 147 147

57 13 13 13 13 13 13 13 13 13 6 13 22 48 100 143 146 146 146 146 146 146 146

58 13 13 13 13 13 13 13 13 13 6 13 23 51 106 146 146 146 146 146 146 146 146

59 14 14 14 14 14 14 14 14 13 6 14 23 55 111 143 143 143 143 143 143 143 143

60 14 14 14 14 14 14 14 14 13 6 14 24 59 115 138 138 138 138 138 138 138 138

61 14 14 14 14 14 14 14 14 13 6 14 25 63 118 136 136 136 136 136 136 136 136

62 14 14 14 14 14 14 14 14 13 6 14 26 68 120 137 137 137 137 137 137 137 137

63 14 14 14 14 14 14 14 14 13 6 15 27 73 121 140 140 140 140 140 140 140 140

64 14 14 14 14 14 14 14 14 13 6 15 28 78 121 139 139 139 139 139 139 139 139

65 14 14 14 14 14 14 14 14 13 6 16 29 83 120 136 136 136 136 136 136 136 136

66 14 14 14 14 14 14 14 14 13 7 16 31 87 117 131 131 131 131 131 131 131 131

67 13 13 13 13 13 13 13 13 12 7 17 32 92 118 133 133 133 133 133 133 133 133

68 13 13 13 13 13 13 13 13 12 7 17 34 97 119 133 133 133 133 133 133 133 133

69 13 13 13 13 13 13 13 13 12 7 18 35 102 121 131 131 131 131 131 131 131 131

70 13 13 13 13 13 13 13 13 11 7 18 37 108 126 130 130 130 130 130 130 130 130

71 13 13 13 13 13 13 13 13 11 8 18 39 114 147 153 153 153 153 153 153 153 153

72 14 14 14 14 14 14 14 14 11 8 19 41 120 153 159 159 159 159 159 159 159 159

73 15 15 15 15 15 15 15 15 11 8 19 44 126 159 165 165 165 165 165 165 165 165

74 15 15 15 15 15 15 15 15 11 8 20 47 132 164 170 170 170 170 170 170 170 170

75 15 16 15 15 15 15 15 15 11 9 20 50 138 169 172 172 172 172 172 172 172 172

76 15 15 15 15 15 15 15 15 11 9 21 54 143 173 175 175 175 175 175 175 175 175

77 15 15 15 15 15 15 15 15 11 9 21 57 148 177 178 178 178 178 178 178 178 178

78 14 14 14 14 14 14 14 15 11 9 22 62 151 178 178 178 178 178 178 178 178 178

79 14 14 14 14 14 14 14 15 11 10 22 79 154 177 178 178 178 178 178 178 178 178

80 14 14 14 14 14 14 14 15 12 10 23 83 155 176 176 176 176 176 176 176 176 176
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HC Emission Rate (grams/sec)*10"

Speed
(ft/sec)

Acceleration (ft/sec^)

-9 -8 -7 •6 -5 ■4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12

81 15 15 15 15 15 15 15 15 12 10 27 87 156 174 175 175 175 175 175 175 175 175

82 15 15 15 15 15 15 15 16 12 11 28 91 156 174 174 174 174 174 174 174 174 174

83 16 16 16 16 16 16 16 17 12 11 29 95 157 173 174 174 174 174 174 174 174 174

84 16 16 16 16 16 16 16 17 12 12 30 98 157 172 173 173 173 173 173 173 173 173

85 16 16 16 16 16 16 16 17 12 12 32 102 162 170 171 171 171 171 171 171 171 171

86 16 16 16 16 16 16 16 17 12 13 33 105 159 168 169 169 169 169 169 169 169 169

87 16 16 16 16 16 16 16 17 12 13 35 105 152 162 163 163 163 163 163 163 163 163

88 16 16 16 16 16 16 16 17 12 13 36 109 152 154 154 154 154 154 154 154 154 154

89 16 16 16 16 16 16 16 16 12 13 37 113 151 154 154 154 154 154 154 154 154 154

90 16 16 16 16 16 16 16 17 12 13 38 116 151 154 154 154 154 154 154 154 154 154

91 16 16 16 16 16 16 16 17 12 13 38 118 151 153 153 153 153 153 153 153 153 153

92 16 16 16 16 16 16 16 17 12 14 39 121 151 153 153 153 153 153 153 153 153 153

93 16 16 16 16 16 16 16 16 12 14 40 134 153 153 153 153 153 153 153 153 153 153

94 16 16 16 16 16 16 16 16 12 14 41 135 154 154 154 154 154 154 154 154 154 154

95 15 15 15 15 15 15 15 16 13 15 42 135 156 156 156 156 156 156 156 156 156 156

96 15 15 15 15 15 15 15 16 13 15 44 136 157 157 157 157 157 157 157 157 157 157

97 15 15 15 15 15 15 15 16 13 16 46 138 158 158 158 158 156 158 158 158 158 158

98 16 16 16 16 16 16 16 17 13 16 52 140 158 158 158 158 158 158 158 158 158 158

99 16 16 16 16 16 16 16 17 13 16 53 127 143 143 143 143 143 143 143 143 143 143

100 16 16 16 16 16 16 16 17 13 16 68 129 144 144 144 144 144 144 144 144 144 144

101 16 16 16 16 16 16 16 17 13 16 69 131 145 145 145 145 145 145 145 145 145 145

102 16 16 16 16 16 16 16 17 14 16 70 132 146 146 146 146 146 146 146 146 146 146

103 16 16 16 16 16 16 16 16 14 17 71 134 146 146 146 146 146 146 146 146 146 146

104 16 16 16 16 16 16 16 16 14 18 74 135 145 145 145 145 145 145 145 145 145 145

105 16 16 16 16 16 16 16 16 14 20 76 136 144 144 144 144 144 144 144 144 144 144

106 16 16 16 16 16 16 16 16 14 22 79 136 143 143 143 143 143 143 143 143 143 143

107 16 16 16 16 16 16 17 16 14 25 82 147 152 152 152 152 152 152 152 152 152 152

108 16 16 16 16 16 16 17 16 14 25 84 148 152 152 152 152 152 152 152 152 152 152

109 16 16 16 16 16 16 17 15 14 25 87 149 152 152 152 152 152 152 152 152 152 152

110 16 16 16 16 16 16 17 15 14 26 91 151 154 154 154 154 154 154 154 154 154 154
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CO Emission Rate (grams/sec)*10
-3

Speed
(ft/sec)

Acceleration (ft/sec^)

•9 -8 -7 -6 ■4 .3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12

0 3 3 3 3 4 6 8 12 14 19 27 30 30 30 30 30

1 3 3 3 3 3 3 3 4 6 8 11 13 15 18 22 29 42 46 46

2 3 3 3 3 3 3 3 3 3 4 10 12 15 16 18 21 25 33 46 73

3 3 3 3 3 3 3 3 3 5 12 15 18 20 21 23 27 33 43 67

4 3 3 3 3 3 3 3 3 3 5 9 14 18 22 24 25 27 31 35 44 63

5 3 3 3 3 3 3 3 3 3 3 5 11 17 22 26 29 30 32 35 40 48 65

6 3 3 3 3 3 3 3 3 3 3 6 12 19 26 30 34 34 36 40 46 55 73

7 3 3 3 3 3 3 3 3 3 3 6 13 21 30 33 38 38 39 45 53 65 85

8 3 3 3 3 3 3 3 3 3 3 7 13 21 31 36 40 40 43 51 63 78 101

9 3 3 3 3 3 3 3 3 3 3 8 13 21 31 38 41 42 47 59 75 94 122

10 3 3 3 3 3 3 3 3 3 3 8 13 19 29 38 42 44 52 69 88 111 144

11 3 3 3 3 3 3 3 3 3 4 9 13 18 28 38 42 45 57 80 102 129 167

12 4 4 4 4 4 4 4 4 4 4 9 13 17 27 38 42 48 64 91 118 151 193

13 4 4 4 4 4 4 4 4 4 4 9 14 17 27 38 43 51 71 102 139 175 224

14 4 4 4 4 4 4 4 4 4 4 10 14 17 27 37 44 56 80 116 166 204 267

15 4 4 4 4 4 4 4 4 4 4 10 15 17 26 36 45 61 89 135 190 233 334

16 4 4 4 4 4 4 4 4 4 4 10 15 17 26 37 49 69 102 160 216 267 406

17 4 4 4 4 4 4 4 4 4 5 10 15 18 26 38 54 79 118 187 247 312 378

18 4 4 4 4 4 4 4 4 4 5 10 14 18 27 40 61 92 139 219 285 367 387

19 4 4 4 4 4 4 4 4 4 5 12 14 19 27 43 68 104 165 256 327 405 405

20 4 4 4 4 4 4 4 4 4 5 12 13 19 28 48 77 118 195 287 364 415 415

21 5 5 5 5 5 5 5 5 5 6 12 13 20 30 55 87 136 230 318 403 423 423

22 5 5 5 5 5 5 5 5 5 6 12 13 20 33 64 101 162 279 359 445 445 445

23 5 5 5 5 5 5 5 5 5 6 12 13 21 36 65 119 196 345 409 480 480 480

24 5 5 5 5 5 5 5 5 5 6 12 13 22 39 74 143 238 394 470 528 528 528

25 5 5 5 5 5 5 6 5 5 7 13 14 23 44 84 172 288 451 540 578 578 578

26 5 5 5 5 5 5 6 5 5 7 13 14 25 50 97 207 345 508 603 619 619 619

27 4 4 4 4 4 4 4 4 4 7 13 15 27 57 112 246 403 561 656 656 656 656

28 4 4 4 4 4 4 4 4 4 7 13 15 29 59 130 288 460 610 692 692 692 692

29 5 5 5 5 5 5 5 5 5 7 12 16 31 66 150 330 514 659 726 726 726 726

30 5 5 5 5 5 5 5 5 5 7 13 17 33 74 171 363 566 703 748 748 748 748

31 5 5 5 5 5 5 5 5 5 7 13 18 36 84 226 396 616 740 763 763 763 763

32 5 5 5 5 5 5 5 5 5 7 13 19 39 78 245 430 666 774 782 782 782 782

33 5 5 5 5 5 5 5 5 5 7 13 20 42 86 264 466 719 812 812 812 812 812

34 5 5 f 5 5 5 5 5 5 7 14 21 45 94 285 506 772 849 849 849 849 849

35 5 5 5 5 5 5 5 5 5 7 14 23 48 102 308 459 826 890 890 890 890 890

36 5 5 5 5 5 5 5 5 5 7 14 24 52 111 335 505 887 939 939 939 939 939

37 5 5 5 5 5 5 5 5 5 7 14 26 56 121 367 554 953 988 988 988 988 988

38 5 5 5 5 5 5 5 5 5 7 14 27 63 133 402 606 1025 1034 1034 1034 1034 1034

39 5 5 5 5 5 5 5 5 5 7 14 28 67 146 440 658 1089 1073 1073 1073 1073 1073

40 4 4 4 4 4 4 4 4 4 7 14 30 53 161 485 712 1132 1109 1109 1109 1109 1109

100



CO Emission Rate (grams/sec)*10
-3

Speed

(ft/sec)
Acceleration (ft/sec^)

-9 ■8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12

41 4 4 4 4 4 4 4 4  4 15 31 57 180 531 770 1167 1149 1149 1149 1149 1149

42 4 4 4 4 4 4 4 4  4 7 15 32 62 266 580 835 1199 1193 1193 1193 1193 1193

43 4 4 4 4 4 4 4 4  4 7 15 34 68 278 644 919 1249 1244 1244 1244 1244 1244

44 4 4 4 4 4 4 4 4  4 15 35 75 295 729 1028 1339 1312 1312 1312 1312 1312

45 4 4 4 4 4 4 4 4  4 14 38 83 280 844 1164 1446 1399 1399 1399 1399 1399

46 4 4 4 4 4 4 4 4  4 7 14 40 94 312 964 1303 1520 1520 1520 1520 1520 1520

47 4 4 4 4 4 4 4 4  4 7 14 43 93 348 1042 1403 1542 1542 1542 1542 1542 1542

48 4 4 4 4 4 4 4 4  4 7 14 45 103 388 1095 1444 1500 1500 1500 1500 1500 1500

49 4 4 4 4 4 4 4 4  4 5 15 49 114 429 1137 1441 1416 1416 1416 1416 1416 1416

50 4 4 4 4 4 4 4 4  4 5 15 55 126 473 1192 1412 1330 1330 1330 1330 1330 1330

51 4 4 4 4 4 4 4 4  4 5 15 62 141 520 1283 1381 1303 1303 1303 1303 1303 1303

52 4 4 4 4 4 4 4 4  4 6 16 67 160 578 1345 1367 1328 1328 1328 1328 1328 1328

53 4 4 4 4 4 4 4 4  4 6 17 71 181 638 1325 1364 1362 1362 1362 1362 1362 1362

54 4 4 4 4 4 4 4 4  4 6 17 52 207 700 1275 1368 1368 1368 1366 1368 1368 1368

55 4 4 4 4 4 4 4 4  4 5 17 55 237 761 1249 1346 1346 1346 1346 1346 1346 1346

56 4 4 4 4 4 4 4 4  4 5 18 59 271 820 1255 1334 1334 1334 1334 1334 1334 1334

57 4 4 4 4 4 4 4 4  4 5 18 62 309 884 1279 1329 1329 1329 1329 1329 1329 1329

58 4 4 4 4 4 4 4 4  4 5 19 66 273 951 1297 1297 1297 1297 1297 1297 1297 1297

59 4 4 4 4 4 4 4 4  4 6 20 70 310 1010 1243 1243 1243 1243 1243 1243 1243 1243

60 4 4 4 4 4 4 4 4  4 6 21 75 352 1059 1170 1170 1170 1170 1170 1170 1170 1170

61 4 4 4 4 4 4 4 4  4 6 22 81 398 1080 1124 1124 1124 1124 1124 1124 1124 1124

62 4 4 4 4 4 4 4 4  4 6 24 87 447 1093 1149 1149 1149 1149 1149 1149 1149 1149

63 4 4 4 4 4 4 4 4  4 7 25 95 497 1100 1192 1192 1192 1192 1192 1192 1192 1192

64 4 4 4 4 4 4 4 4  4 7 27 104 546 1099 1173 1173 1173 1173 1173 1173 1173 1173

65 4 4 4 4 4 4 4 4  4 7 29 113 592 1087 1134 1134 1134 1134 1134 1134 1134 1134

66 4 4 4 4 4 4 4 4  4 7 31 124 635 1097 1135 1135 1135 1135 1135 1135 1135 1135

67 5 5 5 5 5 5 5 5  4 8 33 135 677 1091 1123 1123 1123 1123 1123 1123 1123 1123

68 5 5 5 5 5 5 5 5  4 8 35 148 718 1086 1105 1105 1105 1105 1105 1105 1105 1105

69 5 5 5 5 5 5 5 5 5 8 37 163 762 1090 1085 1085 1085 1085 1085 1085 1085 1085

70 5 5 5 5 5 5 5 5 5 9 39 180 812 1103 1080 1080 1080 1080 1080 1080 1080 1080

71 5 5 5 5 5 5 5 5 5 9 41 198 867 1148 1136 1136 1136 1136 1136 1136 1136 1136

72 5 5 5 5 5 5 5 5 6 10 43 218 927 1172 1165 1165 1165 1165 1165 1165 1165 1165

73 5 5 5 5 5 5 5 5  6 10 45 240 994 1211 1212 1212 1212 1212 1212 1212 1212 1212

74 5 5 5 5 5 5 5 5  6 10 48 264 1068 1270 1273 1273 1273 1273 1273 1273 1273 1273

75 5 5 5 5 5 5 5  6 11 51 291 1140 1335 1331 1331 1331 1331 1331 1331 1331 1331

76 5 5 5 5 5 5 5 5 7 11 54 319 1207 1391 1383 1383 1383 1383 1383 1383 1383 1383

77 5 5 5 5 5 S 5 5 7 11 57 350 1261 1427 1420 1420 1420 1420 1420 1420 1420 1420

78 6 6 6 6 6 6 6 5  8 11 59 388 1304 1440 1433 1433 1433 1433 1433 1433 1433 1433

79 6 6 6 6 6 6 6 6  8 12 62 466 1335 1433 1427 1427 1427 1427 1427 1427 1427 1427

80 6 6 6 6 6 6 6 5  8 12 65 507 1354 1417 1412 1412 1412 1412 1412 1412 1412 1412
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CO Emission Rate (grams/sec)*10

Speed
(ft/sec) Acceleration (ft/sec^)

-9 ■8 -7 -6 -5 -4 -3 -2 ■1 0 1 2 3 4 5 6 7 8 9 10 11 12

81 5 5 5 5 5 5 5 13 96 550 1363 1406 1400 1400 1400 1400 1400 1400 1400 1400

82 5 5 5 5 5 5 13 102 596 1365 1397 1390 1390 1390 1390 1390 1390 1390 1390

83 5 5 5 5 9 14 109 643 1363 1389 1381 1381 1381 1381 1381 1381 1381 1381

84 5 5 5 5 5 5 5 4 10 15 118 692 1356 1376 1369 1369 1369 1369 1369 1369 1369 1369

85 5 5 5 5 5 5 4 10 15 128 740 1366 1356 1350 1350 1350 1350 1350 1350 1350 1350

86 5 5 5 5 5 5 5 4 10 15 138 788 1344 1337 1331 1331 1331 1331 1331 1331 1331 1331

87 5 5 5 5 5 5 5 4 11 15 148 838 1314 1313 1308 1308 1308 1308 1308 1308 1308 1308

88 5 5 5 5 5 5 5 4 11 15 157 885 1299 1353 1353 1353 1353 1353 1353 1353 1353 1353

89 5 5 5 5 5 5 5 4 11 16 165 926 1298 1360 1360 1360 1360 1360 1360 1360 1360 1360

90 5 5 5 5 5 5 5 4 12 16 173 960 1300 1363 1363 1363 1363 1363 1363 1363 1363 1363

91 5 5 5 5 5 5 5 4 12 17 181 989 1307 1357 1357 1357 1357 1357 1357 1357 1357 1357

92 5 5 5 5 5 5 5 4 13 17 190 1014 1318 1347 1347 1347 1347 1347 1347 1347 1347 1347

93 5 5 5 5 5 5 5 4 14 18 198 1234 1338 1339 1339 1339 1339 1339 1339 1339 1339 1339

94 5 5 5 5 5 5 5 4 14 19 209 1221 1342 1342 1342 1342 1342 1342 1342 1342 1342 1342

95 5 5 5 5 5 5 5 4 15 20 219 1220 1357 1357 1357 1357 1357 1357 1357 1357 1357 1357

96 4 4 4 4 4 4 4 4 15 22 228 1233 1363 1363 1363 1363 1363 1353 1363 1363 1363 1363

97 4 4 4 4 4 4 4 4 16 23 237 1260 1357 1357 1357 1357 1357 1357 1357 1357 1357 1357

98 4 4 4 4 4 4 4 4 16 25 365 1306 1363 1363 1363 1363 1363 1363 1363 1363 1363 1363

99 4 4 4 4 4 4 4 17 27 373 1046 1060 1060 1060 1060 1060 1060 1060 1060 1060 1060

100 4 4 4 4 4 4 4 4 18 28 488 1080 1092 1092 1092 1092 1092 1092 1092 1092 1092 1092

101 4 4 4 4 4 4 4 4 20 30 493 1119 1130 1130 1130 1130 1130 1130 1130 1130 1130 1130

102 4 4 4 4 4 4 4 5 22 32 498 1159 1167 1167 1167 1167 1167 1167 1167 1167 1167 1167

103 4 4 4 4 4 4 4 6 23 35 512 195 1198 1198 1198 1198 1198 198 1198 1198 1198 1198

104 4 4 4 4 4 4 4 7 26 39 530 228 224 224 224 224 1224 224 1224 1224 1224 1224

105 4 4 4 4 4 4 4 8 29 46 554 251 243 243 243 243 243 243 243 1243 1243 1243

106 4 4 4 4 4 4 4 9 32 55 580 1269 258 258 258 258 258 258 258 258 258 1258

107 4 4 4 4 4 4 4 11 36 67 608 1241 231 231 231 231 231 231 231 231 231 1231

108 4 4 4 4 4 4 4 12 36 68 629 1262 252 1252 252 252 252 1252 252 252 252 1252

109 4 4 4 4 4 4 4 14 35 69 652 1281 1274 274 1274 274 274 1274 274 274 274 1274

110 4 4 4 4 4 4 4 16 35 70 679 1304 1299 299 1299 1299 1299 1299 299 299 299 299
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NOx Emission Rate (grams/sec)*10'

Speed
(ft/sec) Acceleration (ft/sec^)

.9 •3 -7 ■6 -5 -4 -3 •2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12

0 3 3 3 3 3 3 3 3 3 3 3 5 11 19 26 53 81 125 135 142 142 142

1 3 3 3 3 3 3 3 3 3 3 3 5 11 18 24 42 61 91 100 114 131 131

2 3 3 3 3 3 3 3 3 3 3 3 5 11 18 24 38 50 70 81 93 111 145

3 3 3 3 3 3 3 3 3 3 3 3 6 13 18 24 36 45 60 71 83 98 127

4 2 2 2 2 2 2 2 2 2 2 3 8 14 20 26 36 46 58 70 81 95 120

5 2 2 2 2 2 2 2 2 2 2 3 9 16 24 29 39 50 62 75 86 101 125

6 2 2 2 2 2 2 2 2 2 2 4 10 18 30 34 44 57 70 83 96 113 137

7 2 2 2 2 2 2 2 2 2 2 4 12 21 35 39 48 64 79 94 108 127 152

8 2 2 2 2 2 2 2 2 2 2 5 15 24 37 43 52 71 90 106 121 141 164

9 2 2 2 2 2 2 2 2 2 2 6 18 26 38 47 55 79 102 119 136 156 177

10 2 2 2 2 2 2 2 2 2 2 7 21 29 40 51 61 69 115 133 151 173 189

11 2 2 2 2 2 2 2 2 2 2 9 23 32 43 56 70 101 129 150 170 190 197

12 2 2 2 2 2 2 2 2 2 2 11 24 34 47 62 82 116 144 168 190 207 209

13 2 2 2 2 2 2 2 2 2 2 12 25 36 53 70 96 132 160 186 210 221 223

14 2 2 2 2 2 2 2 2 2 2 13 28 39 58 78 111 148 177 204 230 233 235

15 2 2 2 2 2 2 2 2 2 2 14 24 43 64 88 126 164 193 220 240 241 245

16 2 2 2 2 2 2 2 2 2 2 14 26 43 71 99 141 180 208 234 244 246 251

17 2 2 2 2 2 2 2 2 2 3 15 28 47 79 111 158 196 222 243 248 250 253

18 2 2 2 2 2 2 2 2 2 3 15 29 51 90 124 175 212 234 250 254 257 258

19 2 2 2 2 2 2 2 2 2 3 15 31 56 98 139 192 226 245 258 261 264 264

20 2 2 2 2 2 2 2 2 2 3 11 34 62 108 155 209 237 253 263 266 268 268

21 2 2 2 2 2 2 2 2 2 4 14 : ? 69 119 171 224 248 261 267 270 271 271

22 2 2 2 2 2 2 2 2 2 4 14 43 71 128 189 239 258 269 272 276 276 276

23 2 2 2 2 2 2 2 2 2 5 15 45 78 137 191 253 267 277 280 283 283 283

24 2 2 2 2 2 2 2 2 2 5 16 45 65 145 207 266 275 284 287 290 290 290

25 2 2 2 2 2 2 2 2 2 5 16 33 92 155 223 277 283 290 294 297 297 297

26 2 2 2 2 2 2 2 2 2 6 17 35 100 166 237 285 290 296 300 302 302 302

27 2 2 2 2 2 2 2 2 2 6 17 39 110 179 248 291 296 301 307 307 307 307

28 2 2 2 2 2 2 2 2 2 7 18 44 120 194 257 296 302 307 312 312 312 312

29 1 1 1 1 1 1 1 1 1 7 19 49 131 206 265 299 306 311 316 316 316 316

30 1 1 1 1 1 1 1 1 1 7 20 54 141 216 271 300 306 312 316 316 316 316

31 2 2 2 2 2 2 2 2 2 7 21 59 153 225 290 298 304 310 313 313 313 313

32 2 2 2 2 2 2 2 2 2 8 22 64 166 227 294 295 301 306 309 309 309 309

33 2 2 2 2 2 2 2 2 2 8 23 59 177 236 296 295 300 308 308 308 306 308

34 2 2 2 2 2 2 2 2 2 8 24 64 188 245 299 296 302 309 309 309 309 309

35 2 2 2 2 2 2 2 2 2 6 26 68 198 254 304 302 305 311 311 311 311 311

36 3 3 3 3 3 3 3 3 3 7 27 73 210 262 311 307 309 315 315 315 315 315

37 3 3 3 3 3 3 3 3 3 7 28 78 221 270 320 314 315 319 319 319 319 319

38 3 3 3 3 3 3 3 3 3 7 29 83 233 278 329 322 323 326 326 326 326 326

39 3 3 3 3 3 3 3 3 3 7 30 86 231 286 340 332 333 336 336 336 336 336

40 3 3 3 3 3 3 3 3 3 7 31 94 202 294 350 344 347 347 347 347 347 347
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NOx Emission Rate (grams/sec)*10''

Speed

(ft/sec) Acceleration (ft/sec^)

-9 -8 -7 •6 -5 -4 -3 .2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12

41 3 3 3 3 3 3 3 3 3 6 32 101 210 303 360 356 360 361 361 361 361 361

42 3 3 3 3 3 3 3 3 3 6 34 108 217 331 369 366 373 375 375 375 375 375

43 3 3 3 3 3 3 3 3 3 7 40 120 225 342 377 373 383 389 389 389 389 389

44 3 3 3 3 3 3 3 3 3 7 46 128 232 352 382 378 392 402 402 402 402 402

45 4 4 4 4 4 4 4 4 4 6 34 137 239 338 384 381 398 411 411 411 411 411

46 4 4 4 4 4 4 4 4 4 9 38 146 246 345 381 379 380 380 380 380 380 380

47 4 4 4 4 4 4 4 4 4 10 37 155 251 352 378 375 377 377 377 377 377 377

48 4 4 4 4 4 4 4 4 4 11 40 165 257 359 377 374 377 377 377 377 377 377

49 4 4 4 4 4 4 4 4 4 12 49 175 262 364 380 378 381 381 361 381 381 381

50 4 4 4 4 4 4 4 4 4 14 54 185 267 368 385 385 387 387 387 387 387 387

51 4 4 4 4 4 4 4 4 4 14 51 195 271 369 361 363 363 363 363 363 363 363

52 4 4 4 4 4 4 4 4 4 14 55 201 275 362 357 359 359 359 359 359 359 359

53 4 4 4 4 4 4 4 4 4 14 56 206 280 365 360 362 c32 362 362 362 362 362

54 4 4 4 4 4 4 4 4 4 14 62 194 284 368 362 365 365 365 365 365 365 365

55 4 4 4 4 4 4 4 4 4 14 67 199 289 371 365 368 368 368 368 368 368 368

56 4 4 4 4 4 4 4 4 4 14 72 205 294 373 368 371 371 371 371 371 371 371

57 4 4 4 4 4 4 4 4 4 14 76 211 300 377 373 375 375 375 375 375 375 375

58 4 4 4 4 4 4 4 4 4 14 81 217 304 383 388 388 388 388 388 388 388 388

59 4 4 4 4 4 4 4 4 4 15 86 223 308 389 392 392 392 392 392 392 392 392

60 3 3 3 3 3 3 3 3 4 15 91 230 314 397 398 398 398 398 398 398 398 398

61 3 3 3 3 3 3 3 3 3 16 97 236 320 403 406 406 406 406 406 406 406 406

62 3 3 3 3 3 3 3 3 3 16 103 243 326 409 414 414 414 414 414 414 414 414

63 3 3 3 3 3 3 3 3 3 17 111 250 333 417 423 423 423 423 423 423 423 423

64 3 3 3 3 3 3 3 3 3 18 118 257 339 424 434 434 434 434 434 434 434 434

65 3 3 3 3 3 3 3 3 3 18 124 264 346 432 446 446 446 446 446 446 446 446

66 3 3 3 3 3 3 3 3 3 19 130 272 352 457 469 469 469 469 469 469 469 469

67 3 3 3 3 3 3 3 3 3 20 135 278 357 471 480 480 480 480 480 480 480 480

68 2 2 2 2 2 2 2 2 3 22 139 285 363 482 486 486 486 486 486 486 486 486

69 2 2 2 2 2 2 2 2 3 23 143 292 367 489 491 491 491 491 491 491 491 491

70 2 2 2 2 2 2 2 2 3 24 147 298 372 379 496 496 496 496 496 496 496 496

71 2 2 2 2 2 2 2 2 3 26 152 304 376 384 387 387 387 387 387 387 387 387

72 2 2 2 2 2 2 2 2 4 27 158 310 381 390 393 393 393 393 393 393 393 393

73 2 2 2 2 2 2 2 2 4 28 164 316 385 396 401 401 401 401 401 401 401 401

74 2 2 2 2 2 2 2 2 4 29 171 322 388 401 406 406 406 406 406 406 406 406

75 2 2 2 2 2 2 2 2 4 29 178 327 390 405 408 408 406 408 408 408 408 408

76 2 2 2 2 2 2 2 2 4 31 185 332 389 404 405 405 405 405 405 405 405 405

77 2 2 2 2 2 2 2 2 4 32 193 335 387 401 402 402 402 402 402 402 402 402

78 2 2 2 2 2 2 2 2 4 35 200 337 383 399 400 400 400 400 400 400 400 400

79 2 2 2 2 2 2 2 2 4 38 207 362 378 396 397 397 397 397 397 397 397 397

80 2 2 2 2 2 2 2 2 4 43 214 361 375 395 396 396 396 396 396 396 396 396
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NOx Emission Rate (grams/sec)*10"

Speed
(ft/sec) Acceleration (ft/sec^)

.9 4 -7 •3 ■2 ■1 0 1 2 3 4 5 6 7 8 9 10 11 12

81 2 2 2 2 2 2 2 2 5 48 245 361 374 395 396 396 396 396 396 396 396 396

82 1 1 1 1 1 1 1 2 5 53 251 361 374 397 397 397 397 397 397 397 397 397

83 1 1 1 1 1 1 1 2 5 59 258 361 373 397 398 398 398 398 396 398 398 398

84 1 1 1 1 1 1 1 1 5 66 265 362 372 398 399 399 399 399 399 399 399 399

85 1 1 1 1 1 1 1 1 6 73 271 362 393 399 399 399 399 399 399 399 399 399

86 t 1 1 1 1 1 1 1 6 80 277 362 394 400 400 400 400 400 400 400 400 400

87 1 1 1 1 1 1 1 1 7 87 281 340 374 381 382 382 382 382 382 382 382 382

88 1 1 1 1 1 1 1 7 94 284 343 349 349 349 349 349 349 349 349 349 349

89 1 1 1 1 1 1 1 1 8 102 286 346 350 351 351 351 351 351 351 351 351 351

90 1 1 1 1 1 1 1 9 110 287 349 352 353 353 353 353 353 353 353 353 353

91 1 1 1 1 1 1 1 1 10 117 287 352 354 354 354 354 354 354 354 354 354 354

92 1 1 1 1 1 1 1 1 10 124 287 355 355 355 355 355 355 355 355 355 355 355

93 1 1 1 1 1 1 1 1 11 130 287 351 357 357 357 357 357 357 357 357 357 357

94 1 1 1 1 1 1 1 12 136 289 353 359 359 359 359 359 359 359 359 359 359

95 1 1 1 1 1 1 1 1 13 142 290 356 361 361 361 361 361 361 361 361 361 361

96 1 1 1 1 1 1 1 2 14 149 290 360 364 364 364 364 364 364 364 364 364 364

97 1 1 1 1 1 1 1 2 16 156 290 365 367 367 367 367 367 367 367 367 367 367

98 1 1 1 1 1 1 2 17 164 292 372 372 372 372 372 372 372 372 372 372 372

99 1 1 1 1 1 1 1 2 19 172 293 389 393 393 393 393 393 393 393 393 393 393

100 1 1 1 1 1 1 2 21 180 317 397 399 399 399 399 399 399 399 399 399 399

101 1 1 1 1 1 1 1 2 23 189 320 405 406 406 406 406 406 406 406 406 406 406

102 1 1 1 1 1 1 1 2 25 198 324 414 415 415 415 415 415 415 415 415 415 415

103 1 1 1 1 1 1 1 2 27 208 331 423 426 426 426 426 426 426 426 426 426 426

104 1 1 1 1 1 1 1 2 30 217 337 434 436 438 438 438 438 438 438 438 438 438

105 1 1 1 1 1 1 1 2 33 225 345 446 450 450 450 450 450 450 450 450 450 450

106 1 1 1 1 1 1 1 3 36 233 354 458 462 462 462 462 462 462 462 462 462 462

107 1 1 1 1 1 1 1 3 39 240 362 356 360 360 360 360 360 360 360 360 360 360

108 1 1 1 1 1 1 1 3 41 245 368 360 363 363 363 363 363 363 363 363 363 363

109 1 1 1 1 1 1 1 3 44 248 372 364 367 367 367 367 367 367 367 367 367 367

110 1 1 1 1 1 1 1 3 48 251 373 368 370 370 370 370 370 370 370 370 370 370
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Appendix III

Modai Adjustment Factors For:

Hydrocarbon (HC);

Carbon Monoxide (CO); and

Nitrogen Oxide (NOx)
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