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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) MOBILES5a, 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) repbrted by MOBIL" 5a 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, MOBILES5a’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

iv



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
coordination 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 MOBILES5a 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
increased with the increase in the aggressiveness of driver population. Based on this
study, it was concluded that the base emission factors used in various analytical 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 U.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 CAAA 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.

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

(N

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.
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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 planning 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) 505 256 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
6



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: 1) 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

MOBILES5a model, the latest version of MOBILE, provides emission factors
(grams per mile) for a vehicle fleet for any calendar year between 1960 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. MOBILESa [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 MOBILESA 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
(acceleration); 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 cycle 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
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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 creatc 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

12



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 signalr, 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 i
|

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 to 12 ft/secz) and speed

expressed as a function of acceleration (between -9 ft/sec
(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 II. 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, & NOy ) 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 control..d 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 00 ] 63 0.0 0.0 | 0.576 40.990 1.878
(19, 5) 1.2 0.0 001] 03 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 00 13 0.0 0.0 | 1.338 21.061 2.729
(12,23) 0.6 0.0 00| 76 0.0 0.0 | 0.554 37.004 1.820
(24,16) 0.2 0.0 00| 7.3 0.0 0.0 | 0.353 27.053 0.965
(16,24) 0.3 0.0 00| 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 00| L9 0.0 0.0 | 0.448 13.817 1.168
(10, 9) 0.0 0.0 00| 34 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 00 | 3.7 0.0 0.0 | 0.073 5.045 0.246
(13,25) 0.2 0.0 00| 35 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
average 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.



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 VETSs 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:

e 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 (VE,,.;) from
VETs will be collected. The average modal emission rate (FTPsyg-ver) of each

of the three pollutants CO, NO,, and HC over 867 seconds of time will be

computed using the following equation:

i=1372
FTPavG -ver = Y VEi-a-s+867 3.1
i=506




Existing VETs

FTP

A4

Average FTP
Emission Rate
(Pivot Point)

Figure 3.1

Computation of Average FTP Emission Rate

o 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 those used by ORNL. These average emission rates will be
compared with FTPpyg.ver rates described in task 1. This base line comparison
is to determine how different the values from the two sources are under similar

conditions.

e 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 FTPsyg.ver rate as the pivot
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point. This calculation will be performed for all three pollutants. If VE, is the
modal emission rate for a specified acceleration a and speed s in VET, the
modal adjustment factor (MAFyg,.) for that emission rate will be obtained as

follows:

MAF vVEa -s=VEa-s+ FTP4vG — 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.

e 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.




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 f/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 ratés 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 MOBILESa. 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 poliutants (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
NOXx) 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 Cco NOx
Driving Mode Emission % of Emission % of Emission % of
(Duration in Sec) (gm) Emission (gm) Emission (gm) Emission
Acceleration (270) 0.3232 56.1 5.672 64.9 1.413 83.5
Deceleration (133) 0.0531 9.2 0.551 6.3 0.028 1.7
Cruise (303) 0.1512 26.2 2.024 23.1 0.2029 12.0
Idling (161) 0.0486 8.5 0.486 51 0.0486 2.8

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

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

2

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 (FTPsyg.ver) of each of the

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

following equation:

FTPavG -ver = Y VEi-a-s+867

i=1372

i=506

4.1

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

shown in Table 4.3.
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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 Cco NOx
Grams/Mile 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 0.18 314 0.38 0.80 16.56 1.70

Discussion of Results

Table 4.6

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

Summary of the Emission Rates Derived from Two Sources

Source HC CcO NOx
(MG/Sec) (MG/Sec) (MG/Sec)

MOCBILESa 2.09 31.25 3.01

TRAF-NETSIM 0.66 10.07 1.95
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A summary of the average FTP emission rates for all the three pollutants obtained

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 pattern 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.

Figure 4.2

Emission Rates For HC
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Figure 4.3
Emission Rates For CO

Figure 4.4

Emission Rates For NOx




Summary

For comparing the emission rates embedded in TRAF-NETSIM with those of
MOBILES5a, 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, MOBILES5a rates were

one and half times higher.




Chapter 5

Development and Analysis of Modal Adjustment Factors (MAFs)

Modal Adjustment Factors (MAF) for every combination of speed and
acceleration in VET are calculated using the FTP,yg.ver rate, as determined in Chapter
4, as the pivot point. This calculation is performed for all three pollutants. If V. is the
modal emission rate for a specified acceleration ¢ and speed s in VET, the modal

adjustment factor (MAF, ) for that emission rate is obtained as follows:

MAF a-s — Va-s + FTP AVG-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 1, 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
speeds and acceleration varying from -9 ft/sec’ to +12 fi/sec’ are presented in Figures 5.1
through Figure 5.4.

In 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 ft/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 f/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
ft/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 ft/sec’. The speed varies from 0 to 90 ft/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.

Modal Adjustment Factor

-9 to -4 ft/sec?

10 20

30 40 50 60 70

Speed (ftisec)

Figure 5.1

Variation Of MAF For HC Over Acceleration Range Of -9 to -4 ft/sec’

Modal Adjustment Factor

3 ft/sec?

2 ft/sec?
1 ftisec?

- -3 to 0 ft/sec?

10 20 30

Speed (ft/sec)

Figure 5.2

40 50

Variation Of MAF For HC Over FTP Operating Range
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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
fi/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.

In Figure 5.5, the CO MAFs for deceleration in a range from -9 ft/sec’ to -4 f/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 fi/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 NO, MAFs with respect to speed and acceleration range of -9 ft/sec’ to +12
fi/sec” are presented in Figures 5.9 through 5.12. The NOx MAFs vary over a wide range
from 0.06 to nearly 26.

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
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
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 they also contribute to the production of ozone by emitting hydrocarbons
(HC) and nitrogen oxides (NO,), which photochemically 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 (1 3" Avenue) running in east-west direction with 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 (13th 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)

Eastbound 16.1 17.2 6.8
Westbound 16.9 17.6 4.1
Side Streets 8.1 8.3 2.5

Network 11.4 11.8 3.5

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.
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Table 6.2

Summary of Environmental MOEs of Arterial Under Isolated Operation

Deceleration | 977748

Acceleration 1007868 4.04 231.12
Cruise 544092 0.26 3.42
Idling 1390992 0.42 4.17

Cumulative | 3920700 | 516

Vehicle Mode of Operation HC Emission According to Mode

Idling Deceleration
9%

Deceleration Cruise
25% 5%

Acceleration
78%
. Acceleration
Cruise 26%
14%
CO Emission According to Mode NOx Emission According to Mode
Idling Idling )
Cruise 2% Deceleration Cruise 3% Deceleration

2% 2% 1%

1%

Acceleration

0
Acceleration g

95%

Figure 6.3

A Synthesis of Emissions Under Isolated Operation
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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

Deceleration 925926 0.42 3.62 0.22

Acceleration 968868 3.84 220.47 14.77
Cruise 577206 0.28 3.65 0.41
Idling 1340154
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HC Emission According to Mode
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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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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:

Environmental

TRAF Input File
Parameters

l (Avg. Speed) '

TRAF-NETSIM p| TRAF Output p 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)

MOBILES5a 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. MOBILES5a 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
MOBILES5a 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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