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ABSTRACT

Transportation network improvements are commonly evaluated by estimating average speeds from
a transportation/traffic model and converting them into emission estimates using an environmental
model such as MOBILE or EMFAC. Unfortunately, recent research has demonstrated that average
speed, and perhaps even simple estimates of the amount of delay and the number of vehicle stops
on a roadway, is insufficient to fully capture the environmental impacts of Intelligent
Transportation System (ITS) strategies such as adaptive traffic signal control. Specifically, for the
same average speed, one can observe widely different instantaneous speed and acceleration
profiles, each resulting in very different fuel consumption and emission levels. In an attempt to

address this limitation, the paper presents the INTEGRATION model framework for quantifying
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the environmental impacts of ITS alternatives. The model combines car-following, vehicle
dynamics, lane changing, energy, and emission models to estimate mobile source emissions
directly from instantaneous speed and acceleration levels. The wvalidity of the model is
demonstrated using sample test scenarios that include traveling at a constant speed, traveling at
variable speeds, stopping at a stop sign, and traveling along a signalized arterial. The study also
demonstrates that an adjustment in driver aggressiveness can provide environmental benefits that

are equivalent to the benefits of adaptive traffic signal control.
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1. INTRODUCTION

With the introduction of Intelligent Transportation Systems (ITS), there is a need to evaluate and
compare alternative ITS and non-ITS investments. In comparing alternatives, a number of
Measures of Effectiveness (MOESs) are typically considered, such as vehicle delay, stops, fuel
consumption, emissions, and accident risk. The assessment of the fuel consumption and emission
impacts of alternative investments requires a highly sophisticated evaluation tool in order to
capture both the microscopic dynamics of vehicle-to-vehicle and vehicle-to-control interaction, as
well as model the intricacies of vehicle fuel consumption and emissions that result from these

vehicle dynamics.

Consequently, the assessment of the energy and emission impacts of alternative investments can be
viewed as a two-level process. The first level is the microscopic behavior of traffic, which includes
a system of car-following and lane changing models. This behavior is utilized to characterize
vehicle speed and acceleration behavior. At the second level, the energy and emissions of
hydrocarbons (HC), carbon monoxide (CO), and nitrogen oxides (NOy) are computed based on
instantaneous speed and acceleration estimates that were derived from the first level. It should be
noted that research is underway to develop models for carbon dioxide (CO;) and particulate matter

(PM).

The system of car-following models captures both steady state and non-steady state longitudinal
vehicle behavior along a roadway section. The steady state behavior is characterized by vehicles
traveling at identical cruising speeds (du/dt=0). The non-steady state behavior characterizes how
vehicles move from one steady state to another, which involves either vehicle decelerations or

accelerations. Alternatively, lane-changing behavior describes the lateral behavior of vehicles
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along a roadway segment. Lane changing behavior affects the vehicle car-following behavior

especially at high intensity lane changing locations such as merge, diverge, and weaving sections.

The objective of this paper is to demonstrate how the combination of these two integrated
processes (traffic simulation model and an energy and emission model) can be utilized to evaluate
alternative ITS initiatives. It also describes the approach that is implemented within the
INTEGRATION microscopic traffic assignment and simulation software and demonstrates the
feasibility of the proposed approach using a number of traffic signal control examples. These
examples are presented in order to show the flexibility, feasibility, and validity of the
INTEGRATION framework rather than to present specific results. It should be noted that a
comparison of the INTEGRATION framework to other microscopic simulation models is beyond

the scope of this paper.

2. TRAFFIC MODELING

The combined use of traffic modeling in conjunction with energy and emission modeling can be
utilized for the evaluation of environmental impacts of ITS and non-ITS deployments. The
approach described in this paper utilizes the INTEGRATION microscopic traffic assignment and
simulation software for traffic modeling (Van Aerde and Yagar, 1988a and b; M. Van Aerde &
Assoc. Ltd., 2002a and b). The INTEGRATION model, which was developed over the past two
decades, has not only been validated against standard traffic flow theory (Rakha and Van Aerde,
1996; Rakha and Crowther, 2002), but has also been utilized for the evaluation of real-life
applications (Rakha et al., 1998; Rakha et al., 2000). Further enhancements to the INTEGRATION
model have been incorporated in order to model vehicle dynamics more accurately. These

enhancements are based on research described elsewhere (Rakha et al., 2001; Rakha and Lucic,
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2002). This section provides a brief description of the INTEGRATION model and the
enhancements that have been implemented in the latest version of the model (Version 2.10) to
provide the reader with a basic understanding of the traffic-modeling component of the proposed
framework. The following section describes how energy and emission models were developed
using field data, and how these models were incorporated within the INTEGRATION software in
order to develop a fully integrated mobile emission evaluation tool. It should be noted that the
energy and emission models that are described have been enhanced to include high emitting
vehicles, effect of vehicle starts on vehicle emissions, and different types of vehicles. Subsequent

publications will describe these efforts separately.

The manner in which the INTEGRATION model represents traffic flow can be best presented by
discussing how a typical vehicle initiates its trip, selects its speed, changes lanes, and transitions

from one speed to another.

2.1 Initiation of Vehicle Trips

Prior to initiating the actual simulation logic, the individual vehicles that are to be loaded onto the
network must be generated. Vehicle types, such as passenger cars and trucks, can be pre-assigned
by modifying the model input files. As most available O-D (Origin-Destination) information is
macroscopic in nature, INTEGRATION permits the traffic demand to be specified as a time series
histogram of O-D departure rates for each possible O-D pair within the entire network. The actual
generation of individual vehicles satisfies the time-varying macroscopic departure rates that were
specified by the modeler within the model’s input data files. This model simply disaggregates an

externally specified time-varying O-D demand matrix into a series of individual vehicle departures
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prior to the start of the simulation. These departure rates can be fully random (negative exponential

time headway distribution), fully uniform, or partially uniform and random.

As the externally specified demand file is disaggregated, each of the individual vehicle departures
is tagged with its desired departure time, trip origin, and trip destination, as well as a unique vehicle
number. This unique vehicle number can subsequently be utilized to trace a particular vehicle along
the entire path towards its destination. It can also be utilized to verify that subsequent turning
movements of vehicles at network diverges are assigned according to the actual vehicle
destinations, rather than arbitrary turning movement probabilities as is the case in many other

microscopic models that are not assignment-based.

The calibration of O-D demand is achieved using a maximum likelihood approach, the details of
which are beyond the scope of this paper but are provided in the literature (Van Aerde et al., 2003).
It should be noted that this approach has been successfully applied in numerous modeling studies

(Rakha et al., 1998; Rakha et al., 2000).

2.2 Steady State Car-Following Behavior

When the simulation clock reaches a particular vehicle’s scheduled departure time, an attempt is
made to enter that vehicle into the network at its origin zone. From this point, the vehicle proceeds
along its trip towards its final destination in a link-by-link fashion. Once the vehicle has selected
which lane to enter, INTEGRATION computes the vehicle’s desired initial speed on the basis of
the distance headway between the vehicle and the vehicle immediately downstream within the
same lane. This computation is based on a link-specific microscopic car-following relationship that
is calibrated macroscopically to yield the appropriate target aggregate speed-flow attributes for that

particular link. The steady state car-following model, which was proposed by Van Aerde (1995)
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and Van Aerde and Rakha (1995), combines the Pipes and Greenshields models into a single-
regime model (Rakha and Crowther, 2002), as demonstrated in Equation 1. Specifically, the first
two terms constitute the Pipes steady state model (Pipes, 1953), and the third term constitutes the
Greenshields steady state model (Greenshields, 1935). This combination provides a functional form
that includes four parameters that require calibration using field data (constants c¢;, c», ¢; and the
roadway free-speed uy). The first two terms of the relationship provide the linear increase in vehicle
speed as a function of the distance headway, and the third term introduces curvature to the model
and ensures that the vehicle speed does not exceed the free-speed. The addition of the third term
allows the model to operate with a speed-at-capacity that does not necessarily equal the free-speed,
as is the case with the Pipes model. The Pipes model is proven to be inconsistent with a variety of
field data from different facility types, as illustrated in Figure 1. Alternatively, the Van Aerde
model overcomes the main shortcoming of the Greenshields model, which assumes that the speed-
flow relationship is parabolic, and again is inconsistent with field data from a variety of facility
types, as demonstrated in Figure 1. A detailed comparison of the Van Aerde, Pipes, and

Greenshields models is described by Rakha and Crowther (2002).

c
h=c,+cu+—2 [1]
U —u

Equations 2 through 5 are utilized to compute the c¢;, c2, and c¢; constants based on four parameters;
free-speed, speed-at-capacity, capacity, and jam density (Rakha and Crowther, 2002). These
parameters can be calibrated to loop detector data (Van Aerde and Rakha, 1995) or can be input

based on typical values. It should be noted that all variables are defined in the paper Appendix.
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Once the vehicle’s speed is computed, the vehicle’s position is updated every 0.1 seconds to reflect
the distance that it travels during each previous 0.1 seconds. The vehicle’s headway and speed is

then re-computed.

2u, — U,
m=_"Te 7 [2]
(uf —U; )2

¢, = mc, [4]
P S I
c, = 9 4= [5]
u

2.3 Vehicle Decelerations

INTEGRATION provides separate deceleration and acceleration logic. The deceleration logic
recognizes speed differentials between the vehicle that is making desired speed decisions and the
vehicle ahead of it. It is simplest to first describe how this logic applies to a vehicle approaching a
stationary object. In this case, a vehicle will first estimate the excess headway between itself and
the vehicle ahead of it. This excess headway is defined as the residual distance that remains when
the currently available headway is reduced by the minimum headway (jam density headway).
Based on the residual headway, the vehicle computes the time it has to comfortably decelerate from
its current speed to the speed of the object/vehicle in front of it. For constant deceleration rates,

this time is equal to the residual headway divided by the average speed of the initial and final
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speeds of the following vehicle. The following vehicle computes the required deceleration rate as

the speed differential divided by the deceleration time.

Alternatively, if the lead vehicle is actually moving, the following vehicle would attempt to
decelerate at a constant rate in such a manner as to attain the speed of the lead vehicle over a
distance equal to the spacing of vehicles minus the jam density headway. Of course, by the time the
following vehicle reached this location, the lead vehicle would have already moved ahead on the
highway, resulting in an asymptotic deceleration of the following vehicle to the lead vehicle’s
speed, rather than a constant deceleration. Similarly, if the lead vehicle were accelerating, the
following vehicle would only continue to decelerate until it was traveling at the same speed of the
lead vehicle. From this point onward, the following vehicle would likely begin to accelerate again,
as the increasing gap to the lead vehicle would cause the following vehicle to perceive increasing

desired speeds.

2.4 Vehicle Accelerations

The INTEGRATION model updates vehicle speeds every 0.1 seconds based on the distance
headway and speed differential between the subject vehicle and the vehicle immediately ahead of
it. Unfortunately, using this type of car-following model can result in unrealistically high vehicle
accelerations. Consequently, the model constrains vehicle accelerations using a vehicle dynamics
model that estimates the maximum vehicle acceleration (Rakha e al., 2001; Rakha and Lucic,
2002). Two important points are worth noting. First, the INTEGRATION framework currently
captures a total of 25 default vehicle types including light-duty cars, light-duty trucks, and heavy-
duty trucks. In addition, 25 user-specific vehicle parameters can be input to the model. Second,

the level of acceleration can be varied utilizing a user-defined acceleration reduction factor.
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Consequently, the impact of different acceleration levels can be analyzed, as will be demonstrated

later in the paper.

The model computes the maximum acceleration based on the resultant force, as indicated in
Equation 6. Given that acceleration is the second derivative of distance with respect to time,
Equation 6 resolves to a second-order Ordinary Differential Equation (ODE) of the form

indicated in Equation 7.

F-R
- 6
a=— [6]
X =f(x, X) [7]
R=R,+R, +R, [8]

The state-of-practice vehicle dynamics models estimate the vehicle tractive effort using Equation
9 with a maximum value based on Equation 10, demonstrated in Equation 11. Equation 10
accounts for the maximum friction force that can be maintained between the tires of the vehicle’s
tractive axle and the roadway surface. The use of Equation 11 ensures that the tractive effort

does not approach infinity at low vehicle speeds.

Equation 9 indicates that the tractive force F} is a function of the ratio between the vehicle speed u
and the engine power P. The model assumes the vehicle power to be constant and equal to the
maximum potential power. It considers two main sources of power loss that degrade the tractive
effort produced by the truck engine: losses in the engine and losses in the transmission system with
an engine efficiency of 0.89 to 0.94, depending on the type of transmission (Society of Automotive
Engineers, 1996). Equations 10 and 11 ensure that the tractive force does not exceed the maximum

sustainable force between the vehicle tires and the pavement surface.
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F, = 3600 7 P [9]
u

F,.. =9.8066 M, u [10]

F =min(F,, F,..) [11]

2.5 Lane Changing Logic

The above presentation of a vehicle’s selection of its desired speed, required deceleration, and
potential acceleration rate considers that vehicles stay primarily in their own lane. Unfortunately,
many of the complications within traffic flow theory arise when vehicles change lanes, either

voluntarily or when required.

INTEGRATION’s discretionary lane-changing logic is predominant when a vehicle is traveling on
a multi-lane facility and is out of the influence area of downstream diverges or lane drops. Under
these conditions, vehicles are essentially free to travel in any lane unless the user provides a bias
towards a specific lane or group of lanes. When a vehicle travels under these conditions on a multi-
lane facility without any other vehicles ahead of it, INTEGRATION’s default logic provides
incentives for vehicles to migrate towards the middle lane. This incentive leaves the left-most lane
open for any faster vehicles to get around the vehicle in question and also keeps the vehicle away

from the right shoulder lane, where vehicles entering the highway might merge in.

As soon as multiple vehicles become present on the highway, simulated vehicles tend to spread
themselves across the multiple lanes, with slower vehicles moving to the right and faster vehicles
moving to the left. This logic is especially important when slow-moving trucks are present on the
highway, as they should move to the right in order to allow faster vehicles or faster trucks to move

around them to the left. However, vehicles generally attempt to move towards lanes that provide
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them with the longest headway, for longer headways will result in longer desired speeds. The
potential for a vehicle to move from its current lane into a lane with a longer headway is examined
once every 0.1 seconds, with respect to the lanes immediately adjacent to the current lane. In
addition, the potential to move to any other lanes on the facility, not necessarily adjacent to the

current lane, is examined once every second.

In deciding whether to move to an adjacent lane with a longer headway, the vehicle considers both
an absolute and a relative improvement threshold. This threshold represents the minimum
improvement that is needed for a vehicle to consider a lane change and to guard between frequent
oscillations between two lanes that provide virtually identical headways. Once a vehicle has
identified that a lane change may be desirable, it considers the availability of an acceptable gap in
that lane. Such availability depends upon the distance that is available in the desired lane both
ahead of and behind the vehicle. Both distances ensure that, at a minimum, sufficient space is
available to physically hold the vehicle and, ideally, some additional buffer. This additional buffer

is speed dependent.

In summary, INTEGRATION considers discretionary lane changes in two stages. Every 0.1
seconds it considers whether a discretionary lane change is desirable. If a change is desirable, it
determines if such a lane change is possible given the availability of a suitable gap. The
combination of these decisions results in a spreading of vehicles across all available lanes for

roadway sections outside of the influence of lane drops or diverges.

When a lane drop or diverge is being approached, vehicles will be forced to consider the model’s
mandatory and discretionary lane-changing logic. The transition from discretionary to mandatory
lane-changing logic occurs gradually as the influence area of the lane-drop or diverge area is

penetrated further. The management of this transition is best visualized by considering the presence
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of both virtual softwalls and hardwalls on the roadway. Specifically, the softwall represents the first
point in space where a vehicle becomes aware of a pending mandatory lane change, and the
hardwall represents the absolute last point in space before which a mandatory lane change must

occur.

During the transition from the softwall to the hardwall, the mandatory lane change logic gradually
phases in and has four effects. First, vehicles that pass the softwall will not be able to make any
discretionary lane changes that are opposite to the direction of the required mandatory lane change.
Second, once the softwall is passed, the additional advantage that the current lane must provide (in
order to remain preferred over the lane in which the mandatory logic requires to be utilized) is
gradually increased (eventually to the point where no advantage will be sufficient to resist the
incentive to change lanes). Third, once the softwall is passed, vehicles are gradually prohibited
from passing vehicles that are on the same side as the direction of their mandatory lane change
requirement. Finally, as a vehicle transitions from the softwall to the hardwall, the vehicle will be

required to gradually come to a stop.

The first rule prohibits vehicles from moving into a lane that is temporarily preferred but that will
very shortly become heavily penalized. The second rule ensures that, when possible, vehicles move
towards the direction of the mandatory lane change before the hardwall is reached. The third rule
ensures that when vehicles are queued up in a turning base or an off-ramp, the vehicles join the
queue. The fourth rule ensures that vehicles, even when unable to initially find a gap, will not miss

their exit, off-ramp, turn lane, or turn bay.

As part of the lane-changing logic within INTEGRATION, a vehicle occupies both the lane it is

changing from and the lane it is changing to for the duration of the lane change maneuver. In doing
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so, the INTEGRATION model can capture capacity losses that occur at on-ramp, off-ramp, and

weaving sections.

3. ENERGY AND EMISSION MODELING

Having estimated the vehicle speed and acceleration levels, the next step is to compute the vehicle
fuel consumption and emission rates. This section describes the VT-Micro model (Version 1.0) that
was developed to estimate light-duty hot stabilized vehicle fuel consumption and emission rates.
Initially, the data that were utilized to develop the models are described followed by a description

of the models.

It should be noted that different energy and emission models could be incorporated fairly easily,
given the modular design of the INTEGRATION framework. Currently, research is underway to
develop VT-Micro Version 2.0 by expanding energy and emission models using 101 light-duty
vehicles and light-duty trucks to capture the effects of different vehicle types, high emitting
vehicles, and the effect of cold starts on vehicle emissions. The VT-Micro Version 2.0 has been

incorporated into the INTEGRATION software and is available for public use.

The application of the model that is presented in this paper is intended to demonstrate a
comprehensive framework for quantifying traffic-related energy and emission effects rather than to

present specific results.

3.1 Raw Data Description

The data that were utilized to develop the fuel consumption and emission models were gathered on
a dynamometer at the Oak Ridge National Laboratory (ORNL) (West et al., 1997). Given that the

focus of this paper is on the development of evaluation tools that are sensitive to vehicle dynamics
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and not on the ORNL data per se, these data are not described in much detail; however, they are
described elsewhere in the literature (West et al., 1997). The ORNL data were in the form of look-
up tables that included the steady state fuel consumption and emission rates as a function of the
vehicle’s instantaneous speed and acceleration levels. The emission data included hydrocarbon
(HC), carbon monoxide (CO), and nitrogen oxide (NOy) emissions. A total of eight light-duty
vehicles of various weights and engine sizes were utilized (West et al., 1997). The reference
indicates that these eight vehicles are representative of internal combustion (IC) engine technology

at the time the data were gathered.

The fuel consumption and emission rates were provided for a range of speeds from 0 to 120 km/h
(75 mph) at increments of 1.1 km/h (0.69 mph) and for a range of accelerations from —1.5 m/s* (-5
ft/s?) to 3.6 m/s® (12 ft/s) at increments of 0.3 m/s® (1 ft/s®). These data included typical driving
conditions that ranged from decelerating (acceleration less than zero), idling (acceleration and
speed equal to zero), and acceleration (acceleration greater than zero). Some of the
speed/acceleration combinations were unachievable by the vehicles (e.g. high accelerations at high
speeds). In general, the number of data points ranged from 1300 to 1600 depending on the power of
the vehicle (maximum number of potential points was 1980 points [110 speed bins x 18

acceleration bins]).

Utilizing the data for the eight vehicles, composite fuel consumption and emission surfaces were
derived by averaging across all the vehicles (West et al., 1997). The composite vehicle fuel
consumption data varied fairly linearly when the vehicle was cruising or decelerating; however, the
relationship was significantly non-linear for higher levels of acceleration (acceleration greater than
or equal to 1.2 m/s®). In terms of emissions, the HC and CO surfaces appeared to be very similar

except for the fact that CO emissions were much higher (up to 2500 mg/s in the case of CO versus
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60 mg/s in the case of HC). The NOy surface appeared to be more non-linear than the HC and CO

surfaces when the vehicle was decelerating or cruising.

The authors are aware that the ORNL data utilized in developing these models are limited (only
nine vehicles), and do not account for cold-start effects or high-emitting vehicles. Furthermore,
these data were collected under hot stabilized conditions and, as a result, may not adequately
represent transient catalytic conversion behavior; however, the ORNL data were the only energy
and emission data that were available for third party usage at the time the models were developed.
The authors are currently utilizing EPA data (101 vehicles) and will be using the University of
California, Riverside data (Barth et al., 1997), which includes over 300 vehicles, to expand these

statistical energy and emission models.

3.3 Model Structure

The Virginia Tech Microscopic energy and emission model (VT-Micro) was developed from
experimentation with numerous polynomial combinations of speed and acceleration levels (Rakha
et al., 2000; Ahn et al., 2002). Linear, quadratic, cubic, and quartic terms of speed and acceleration
were tested using chassis dynamometer data collected at the ORNL. The final regression model
included a combination of linear, quadratic, and cubic speed and acceleration terms because it
provided the least number of terms with a relatively good fit to the original data (R’ in excess of
0.92 for all MOEs). Due to the simplicity of the model structure, the model can be easily
incorporated within any microscopic traffic simulation model. While a more detailed description of
the model derivation and model validation is provided in the literature (Ahn et al., 2002), it is
sufficient at this point to note that the final structure of the model, summarized in Equation 12,

involved a logarithmic transformation of a dual-regime third order polynomial. Figure 2 further
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illustrates the effectiveness of the hybrid log-transformed models in predicting vehicle fuel
consumption and emission rates as a function of a vehicle’s instantaneous speed and acceleration

levels showing good estimations against the ORNL data.

The use of polynomial speed and acceleration terms could result in multi-colinearity between the
independent variables, as a result of the dependency of these variables. A measure of multi-
colinearity, the Variance Inflation Factor (VIF) can be reduced by removing some of the regression
terms; however, this also results in a reduction in the accuracy of the model predictions. The
existence of multi-colinearity results in model estimations of the dependent variable that are
unreliable for dependent variable values outside the bounds of the original data. Consequently, the
model was maintained with the caveat that it should not be utilized for data outside the bounds of
the ORNL data. Figure 3 illustrates the feasible range of the ORNL data (shaded area)
superimposed on the maximum vehicle acceleration envelope for an average composite vehicle.
The figure demonstrates that the maximum acceleration bounds exceed the VT-Micro feasible
range. Because of the existence of variable multi-colinearity, the dependent variable estimates (fuel
consumption and emissions) outside the VT-Micro feasible range were estimated using MOE
values at the boundary of the feasible regime for an identical vehicle speed. In addition, Figure 3
illustrates the vehicle speed/acceleration envelope for a vehicle that accelerates from a complete
stop to a speed of 100 km/h at an acceleration rate of 60 percent the maximum acceleration rate as
obtained from the INTEGRATION simulation model. This example is consistent with the VT-
Micro feasible range. The default maximum acceleration level embedded in the INTEGRATION

model is currently 100 percent; however, users can modify the acceleration level.
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4. MODEL APPLICATION

The energy and emission models that were described earlier were incorporated within the
INTEGRATION model as subroutines. Although the simulation model updates vehicle’s speed and
accelerations every 0.1 seconds, the fuel consumption and emission model estimates are made
every second, for two reasons. First, a 0.1s level resolution in computing vehicle emissions would
only increase the computational load with minimum enhancements to the emission estimate
accuracy. However, the use of a 0.1 second resolution is required for accurate modeling of gap
acceptance behavior. Consequently, the INTEGRATION model uses the average speed and

acceleration of the entire second to compute the vehicle’s fuel consumption and emission rate.

In addition to accumulating the MOEs across all the vehicles that travel between two O-D pairs, the
model accumulates MOEs across all the vehicles that traverse a specific link. Simulation runs
required only a few minutes to complete because they did not involve the simulation of a large
traffic demand., and summary statistics are provided on a vehicle, link, and O-D basis. Details of
how vehicles are generated and the specifics of the INTEGRATION model can be found elsewhere

(M. Van Aerde & Assoc. Ltd., 2002a and b).

Incorporating the previously described energy and emission models within the INTEGRATION
traffic assignment and simulation model provides a unique evaluation tool that can be utilized to
evaluate alternative ITS and non-ITS applications. This section describes a sample application of

the evaluation tool to a traffic-signalized network. A more comprehensive and realistic application
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in which simulated vehicle speed profiles and energy and emission estimates were compared to
estimates that were computed using second-by-second GPS speed measurements along a signalized

arterial are provided elsewhere (Rakha et al., 2000).

The objective of the comparison presented in this paper is to demonstrate the flexibility of the
framework in analyzing the sensitivity of vehicle fuel consumption and emissions to operating
conditions. This approach represents a great enhancement to the standard correction-factor based
approaches using MOBILE or EMFAC. A detailed comparison of the proposed framework to the
current state-of-practice approach using MOBILE and EMFAC is beyond the scope of this paper

but will be presented in a future publication.

The paper demonstrates that the two main building blocks (traffic modeling and energy and
emission modeling) together produce valid fuel consumption and emission estimates, using
systematic simple scenarios. The scenarios are ordered to evaluate the tool’s various levels of
sophistication, ranging from simple constant-speed scenarios to more sophisticated types of
adaptive traffic signal control scenarios. Specifically, the initial set of scenarios involves
simulating a single vehicle driving at a constant speed in order to demonstrate the validity of the
approach under steady state conditions. The objective of this scenario is two-fold. First, it validates
the energy and emission models that are incorporated within the INTEGRATION software when
the vehicle is cruising. Second, it validates the simulated vehicle speed profile when the vehicle

does not interact with other vehicles.

In the second set of scenarios, various levels of complexity are introduced to the first scenario.
These include variable speeds along a trip and engaging in a number of complete stops. The

objective of this set of scenarios is to quantify the increase in fuel consumption and emissions as a
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result of vehicle accelerations. Different levels of vehicle accelerations are analyzed in order to

identify changes in vehicle emissions as a function of vehicle acceleration levels.

The final scenario involves the interaction of vehicles with one another and with traffic control
devices considering different levels of vehicle acceleration. The objective of this scenario is to
demonstrate the validity of the combined modeling framework for the evaluation of typical traffic

operation applications.

4.1 Constant Speed Scenario

The first step in the evaluation exercise was to validate how the combined traffic and
energy/emission models operated for a number of simple constant speed scenarios. These constant
speed scenarios represent artificial scenarios given that they do not involve any vehicle

accelerations or decelerations.

The network that was utilized in the analysis was an eight-kilometer arterial section. The network
was simulated within the INTEGRATION model as four two-kilometer links in order to allow the

same network to be utilized for the remaining scenario runs.

Within the constant-speed scenario, a series of sub-scenarios were evaluated in which the
maximum speed was varied from 25 km/h to 100 km/h at 25 km/h increments (Scenarios la
through 1d). The objective of Scenarios 1a through 1d was two-fold. First, these scenarios validate
the use of a combined traffic/energy and emission model under constant speeds (no
deceleration/acceleration). Second, they develop relationships between the steady state speed and
the various Measures of Effectiveness (MOEs) against which the reasonableness of the model’s

responses to other scenarios can be compared.
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The simulation output indicated that the instantaneous speed remained constant throughout the
entire trip. Because the vehicle traveled at a constant speed, the acceleration remained at 0 m/s” for
the entire trip. The fuel consumption rate remained constant at approximately 0.78 liters/s for a
cruising speed of 25 km/h (0.11 liters/km). This fuel consumption rate is consistent with the ORNL
data for a constant speed of 25 km/h. The CO emission rates were approximately ten-fold higher
than the HC and NOy emission rates (8 versus 0.8 mg/s). These findings are consistent with the raw

data that were obtained from the ORNL.

Figure 4 illustrates the impact of various constant speeds on the fuel consumption along the eight-
kilometer trip. The fuel consumption varies from a maximum of 0.113 1/km (at a constant speed of
25 km/h) to a minimum of 0.078 I/km (at a constant speed of 75 km/h). The fuel consumption
function, together with the fuel consumption rates, is consistent with the raw data that were
obtained from ORNL. Figure 4 illustrates that CO emissions are considerably higher than HC and
NOy emissions. Furthermore, the relationship indicates that fuel consumption, HC, and CO
emissions are optimum at a speed of approximately 75 km/h; however, NOy emissions are highly
sensitive to travel speeds as indicated by the four-fold increase from a speed of 25 to 100 km/h

(increase from 0.5 grams/trip to 2.0 grams/trip).

4.2 Variable Speed Scenario

The next scenario to be evaluated was a variable speed scenario (Scenario 2). In the variable speed
scenario, the free-speed was set at 25 km/h for links 1 and 3 (0-2km and 4-6km), and on links 2 and
4 was set at 75 km/h (2-4km and 6-8km). Again, a single vehicle was simulated to travel between

origin 1 and destination 2.
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Figure 5 illustrates the temporal variation in vehicle speed and acceleration as the vehicle traversed
the test network. Figure 5 demonstrates that the vehicle required approximately 10 seconds to
accelerate from a speed of 25 km/h to a speed of 75 kmvh (average acceleration rate of 1.0 m/s%).
Furthermore, the figure illustrates that the vehicle acceleration decreased as the vehicle speed
increased (decreased from 1.2 to 0.8 m/s%, which corresponds to an acceleration rate equivalent to

the maximum acceleration rate).

Figure 5 also illustrates a seven-fold increase in the fuel consumption rate when the vehicle
accelerated at a rate of 1 m/s” at a speed of 60 km/h versus cruising at a speed of 25 km/h, and one
can observe a two-fold increase in the instantaneous fuel consumption rate for a cruising speed of
75 km/h versus 25 km/h. Figure 5 demonstrates that the combination of vehicle acceleration and
speed significantly impacts vehicle fuel consumption and emission estimates. The combined impact
of vehicle acceleration and speed is more evident for the HC emission estimates where the
emissions do not increase significantly until the vehicle has attained a speed of approximately 50

km/h although the acceleration level is higher at the lower speeds.

Figure 6 illustrates the percent change in vehicle fuel consumption and emissions for the variable
speed scenario considering different vehicle acceleration levels. It illustrates the marginal increase
in vehicle fuel consumption and emissions relative to a base acceleration rate of 20 percent the
maximum rate. In general, apart from NOy emissions, vehicle fuel consumption and emissions
increase as the vehicle acceleration rate increases from 20 percent to 60 percent. The emissions
tend to decrease at higher accelerations because the model utilizes the boundary emission rate for
observations that are outside the feasible range. However, the higher acceleration rates reduce the

time spent accelerating, resulting in a reduction in the overall emissions. Figure 6 also demonstrates
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that vehicle fuel consumption and NOy emissions are comparatively insensitive to the vehicle

acceleration level; however, HC and CO emissions are highly sensitive to the acceleration level.

4.3 Stop Sign Scenario

Three stop signs were simulated in the next scenario. These were located after 2, 4, and 6
kilometers, respectively. The stop signs required the approaching vehicle to make a complete stop
before accelerating to its free-speed, as illustrated in Figure 7. Again, as was the case in Scenario 1,
Scenario 3 involved four sub-scenarios in which the vehicle cruise speed varied from 25 to 100
km/h at 25 km/h increments. For each sub-scenario the vehicle acceleration rate was varied from 20
to 100 percent the maximum rate at increments of 20 percent. Figure 7 illustrates sample vehicle
speed and acceleration profiles for travel at a cruise speed of 100 km/h and acceleration rates of 20,
60, and 100 percent the maximum acceleration rate. A forthcoming publication will characterize
typical in-field driver acceleration rates under differing levels of congestion for usage within a

microscopic simulation environment.

Figure 7 demonstrates that the vehicle did not decelerate in excess of 1 m/s* when it approached the
stop sign. Furthermore, it illustrates a reduction in the level of acceleration as the vehicle speed
increased. Figure 8 illustrates the temporal variation in fuel consumption associated with the stop
sign scenario for three acceleration levels. The figure demonstrates that the fuel consumption
increases as the level of acceleration increases, with a reduction in fuel consumption for
accelerations above 60 percent the maximum rate. This again results from the fact that acceleration
levels above 60 percent the maximum rate are beyond the feasible range of the VT-Micro model,;

thus, the fuel consumption rate is maintained at the upper bound boundary rate.
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Figure 9, Figure 10, and Figure 11 demonstrate similar temporal variation in HC, CO, and NOy
emissions for the same stop sign scenario considering three levels of acceleration. In general, the
vehicle emissions increase as the acceleration level increases. The figures demonstrate that HC and
CO emissions are highly sensitive to acceleration levels (increase of thirty-fold for an acceleration
rate of 0.6 versus 0.2). Alternatively, NOy emissions are less sensitive to acceleration levels

(increase of only 100 percent for an acceleration rate of 0.6 versus 0.2).

Figure 12 demonstrates an increase in vehicle fuel consumption and emissions as a result of
introducing three vehicle stops to the constant speed scenario. Furthermore, the figure demonstrates
that energy and environmental effects of vehicle stops are more significant at higher cruise speeds.
As was the case for the variable speed scenario, Figure 13 illustrates that vehicle fuel consumption
and NOy emissions appear to be comparatively insensitive to the vehicle acceleration rate.

Alternatively, HC and CO emissions are highly sensitive to vehicle acceleration rates.

4.4 Traffic Signal Coordination Scenario

The final evaluation exercise involved modeling three equally spaced traffic signals along the same
arterial section (signals located after 0.35, 0.70, and 1.05 kilometers). Three types of traffic signal
control were considered: sub-optimal, off-line signal coordination; good, off-line signal

coordination; and a form of adaptive signal control.

Figure 14 illustrates that the benefits of optimizing traffic signal timings vary marginally as a
function of the vehicle acceleration levels. Figure 14 demonstrates that the benefits of signal
coordination increase as vehicle acceleration levels increase. Figure 15 demonstrates that the
optimization of traffic signals results in a 40 percent reduction in fuel consumption regardless of

the traffic fleet acceleration levels. Alternatively, NOy emissions vary between 70 to 90 percent



Rakha and Ahn 25

depending on the traffic fleet acceleration level. Figure 15 shows that the impact of traffic signal

coordination on CO emissions is highly dependent on the acceleration level.

5. CONCLUSIONS OF STUDY

This paper describes and applies the INTEGRATION framework for quantifying the energy and
environmental impacts of ITS and non-ITS alternatives. The framework combines a microscopic
traffic simulation model with a microscopic energy and emission model to provide a unique
evaluation tool. As a test of feasibility, this tool was utilized to evaluate alternative types of traffic

control.

The study demonstrated that for steady state conditions (no vehicle accelerations) the tool predicted
that vehicle fuel consumption and emissions are consistent with field data that were obtained from
ORNL, and that vehicle fuel consumption and emissions are sensitive to the combined level of
vehicle acceleration and speed. Furthermore, this study has demonstrated that the energy impacts of
traffic signal control are marginally dependent on the level of acceleration, yet the environmental
impacts of traffic signal control are highly dependent on the level of vehicle accelerations. The
benefits of traffic signal control are within the level of variability in vehicle emissions that is
associated with different acceleration levels. The findings of this study demonstrate the need to
characterize typical vehicle acceleration levels under varying levels of congestion in order to
develop reliable evaluation tools. Finally, the study demonstrates that aggressive driving behavior

can result in significant environmental disbenefits.
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APPENDIX NOTATION

The following symbols are used in this paper:

a = Instantaneous vehicle acceleration (m/s%)

¢, = fixed distance headway constant (km)

¢, = first variable distance headway constant (km?h)
c; = second variable distance headway constant (h)
F =residual force acting on the truck (N)

F = tractive force acting on the truck (N)

Fiax = maximum tractive force (N)

Fi= tractive force (N)

h =headway (km)
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kj = jam density (veh/km)

(12

L;; = Model regression coefficient for MOE “e” at speed power

[13%4]
1

and acceleration
power “j”

M = vehicle mass (kg)

M, = vehicle mass on tractive axle, M x percy, (kg)

(1342
1

M;; = Model regression coefficient for MOE “e” at speed power and acceleration

power “j”
MOE, = instantaneous fuel consumption or emission rate (I/s or mg/s)
m = is a constant used to solve for the three headway constants (h/km)
P = engine power (kW)
g, = flow at capacity (veh/h)
R = total resistance force (N)
R, = aerodynamic resistance (N)
R, = rolling resistance (N)
R, = grade resistance (N)
u = vehicle speed (km/h)
U= free-speed (km/h)
u_ = speed at capacity (km/h)
x = distance traveled (km)

1= power transmission efficiency (ranges from 0.89 to 0.94)

p = coefficient of friction between tires and pavement
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