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Modal Emissions Modeling:

A Physical Approach

MATTHEW BARTH, FENG AN, JOSEPH NORBECK, AND MARC ROss

Mobile source emission models currently used by state and federal
agencies (e.g., Environmental Protection Agency’s MOBILE and Cal-
ifornia Air Resources Board’s EMFAC) are often inadequate for ana-
lyzing the emissionsimpact of various transportation control measures,
intelligent transportation systems, aternative fuel vehicles, and more
sophisticated i nspection/maintenance programs contained in most state
air quality management plans. These emission models are based on the
assumption that vehicle running exhaust emissions can be represented
asintegrated values for a specific driving cycle, and then later adjusted
by speed correction factors. What is needed in addition to these
“regional-type” mobile source models is an emissions model that con-
siders at a more fundamental level the modal operation of a vehicle
(i.e., emissions that directly relate to vehicle operating modes such as
idle, steady-state cruise, various|evels of acceleration/deceleration, and
so forth). A new modal-emissions modeling approach that is determin-
istic and based on analytica functions that describe the physical phe-
nomena associated with vehicle operation and emissions productionsis
presented. This model relies on highly time-resolved emissions and
vehicle operation data that must be collected from awide range of vehi-
cles of varying emission control technologies. Current emission mod-
eling techniques are discussed and the modeling approach and
implementation plan for a new, three-year NCHRP Project entitled
“Development of aModa Emissions Model” are described.

Significant improvements are needed in the ability to characterize
emissions from vehicles operating in real world conditions and in
the models used to generate mobile source emission inventories.
Numerous studies have shown that under most on-road operating
conditions actual vehicle emissions can differ dramatically from
what is predicted by current mobile source emission models (1-5).
Understanding of the reasons leading to this discrepancy has
improved considerably in recent years, and a more systematic
approach to determining mobile source emission inventories is
needed. Thisis particularly true given the conformity requirements
of the Clean Air Act Amendments of 1990 and the aggressive
implementation of transportation control measures, intelligent
transportation systems, alternative fuel vehicles, and more sophis-
ticated inspection maintenance programs contained in most state air
quality management plans. Using current methods, the uncertainty
of mobile source emission inventories is several factors greater
than the impact of most mobile source control strategies.
Numerous reasons exist for the present discrepancy between cal-
culated and actual emission inventories: poor mathematical repre-
sentation of emission control system performance as a continuous
function of accumulated mileage or speed; inadequate representa
tion of the active fleet; dated representations of driving patterns and
vehicle activities, inadequate treatment of modern closed-loop emis-
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sion control technology; and a poor mapping of emission data and
vehicle operation when compared to present-day driving conditions.
In other words, present mobile source emission models currently
used by state and federal agencies are based on the assumption that
vehicle emissions can be represented by a time-resolved profile of
vehicle miles traveled multiplied by emission factors primarily
based on the current Federal Test Procedure (6). This approach has
been shown to be inadequate in many cases, and a more complete
and fundamental treatment of the modal operation of the vehicle
(i.e, idle, cruise, acceleration/deceleration) is needed. A model that
can predict emissions based on vehicle operating modeiscritical for
evaluating microscale traffic scenarios (i.e., ramp metering, signa
coordination, and so forth) and can also help improve macroscale
(i.e., regional) emission inventory predictions.

Presented herein is adescription of anew modal emissions mod-
eling approach. This model is deterministic in nature and is based
on analytical functions that describe the physical phenomena asso-
ciated with vehicle operation and emissions production. The model
relies on highly time-resolved emissions and vehicle operation data
that must be collected from a wide range of vehicles of varying
emission control technologies. After a brief discussion of current
emission modeling techniques, the modeling approach and imple-
mentation plan for a new, three-year NCHRP Project entitled
“Development of aModal Emissions Model” is described.

CURRENT MODEL DEFICIENCIES

The common modeling approach [specifically Environmental Pro-
tection Agency’s (EPA) MOBILE and California Air Resources
Board (CARB) EMFAC models (7-9)] used to produce a mobile
source emission inventory is based on two processing steps, shown
in asimplified fashion in Figure 1. The first step consists of deter-
mining aset of emission factorsthat specifiestherate at which emis-
sions are generated, and the second step isto produce an estimate of
vehicle activity. The emission inventory isthen calculated by multi-
plying the results of these two steps together. This methodology has
two major shortcomings:

* |naccurate characterization of actual driving behavior—The
current methods used for determining emission factors are based on
average driving characteristics embodied in a pre-determined driv-
ing cycle, known as the Federal Test Procedure (FTP) (6), whichis
used to certify vehicles for compliance of emission standards and
from which most of the emissions data are based. The FTP was
established over two decades ago and, at the time, was intended to
exercise a vehicle in amanner similar to the operation of atypical
in-use urban vehicle. However, it did not include “off-cycle’
vehicle operation, which consists of speedsin excess of 57 mph and
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FIGURE 1 Current emission inventory process.

acceleration rates above 3.3 mph-s, common eventsin today’ s traf-
fic operation. A number of studies show that the FTP does not accu-
rately characterize today’s actual driving behavior (10-12). Efforts
are currently under way to revise the FTP (10, 13-16).

» Theemissionsfactor approach islimited—The nonrepresenta-
tive nature of the FTP driving cycle tests is exacerbated by the pro-
cedure used for collecting and analyzing emissions. The FTP is
divided into three segments in which emissions are collected into
separate bags. FTP Bag 1 and Bag 3 measurements intend to
capture emissions associated with vehicle cold and warm starts,
while FTP Bag 2 captures emissions associated with vehicle hot-
stabilized running conditions. In MOBILE and EMFAC, these
three segments are used as base values to reconstruct statistically
the relationship between emission rates and average vehicle speeds.
Thus, the models statistically smooth the effect of acceleration and
deceleration. Two vehicle trips can have the same average speed
but have different speed profiles consisting of drastically different
modal characteristics (acceleration, deceleration, idle, and so forth)
and thus drastically different emissions output.

Adjustments are made to the base emission rates through a set of
correction factors, such as fuel type, temperature, and speed cor-
rection. Among these correction factors, the most problematic are
the speed correction factors (SCFs), which adjust the emission rates
for non-FTP speeds. The SCFs have been derived from a limited
set of transient tests (not steady-speed tests) spanning a series of
average speeds up to 65 mph. Inherent in the derivation of the
speed correction curves is the assumption that averages in the
skewed distributions representing the range of emissions at mea-
sured speeds can be validly combined to yield emissions factorsfor
other (non-measured) speeds.

Theimportance of acceleration/deceleration is also underestimated
by the models. 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 (17). Other eventsleading to high engineload can
also produce high emissions. For example, vehicles traveling on
significant road grades can dramatically increase emissions, and,
because of the nature of the current model inputs, grades are not
taken into account.

Because of the inherent emissions and vehicle operation “aver-
aging” that takes place in the conventional emission models, they
offer little help for evaluating traffic operational improvements that
are more microscale in nature. State and federal air quality man-
agement plans consist of numerous transportation control measures
and more sophisticated inspection/maintenance programs. Further,
traffic flow improvements can be accomplished through the advent
of intelligent transportation systems. Operational improvements
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that improve traffic flow (e.g., ramp metering, signal coordination,
automated highway systems, and so forth) cannot be evaluated
accurately with the conventional emissions models; therefore, a
modal emissions approach is necessary.

Even though there are several problems with the current emis-
sion models, a new modal emissions model should not be devel-
oped with the intent of replacing the older ones. In a sense, the
conventional emission models can provide a“top-down” approach
to emission inventory modeling at aregional level, and adeveloped
modal emission model is to be considered “bottom-up,” more
appropriate for microscale evaluation. These two approaches
should easily conform with each other, and they meet somewhere
in the middle. The two types of models should have a symbiotic
relationship in which each benefits from the other.

Modal Emissions Resear ch

In order to investigate vehicle emissions associated with modal
events, several recent research studies have been performed using
dynamometers and instrumented vehicles while simultaneously
measuring emissions at high time resol utions (typically second-by-
second). Since early 1980s, these modal emissions research proj-
ects have been conducted at CARB (18-21). Based on testing a
small set of newer technology vehicles, studies found that CO and
HC emissions are greatly affected by various acceleration modes.
Single accelerations could produce roughly twice the amount of
emissions of thetotal FTPtest (20,21). More recently, vehicle man-
ufacturersin collaboration with EPA have conducted dynamometer
tests of approximately 27 modern technology vehicles as part of the
FTP Revision Project (10,13-16). Several driving cycleswere used
involving high-power driving of hot-stabilized vehicles. In addi-
tion, many of the same vehicles were tested again using a “non-
enrichment” (stoich) chip which avoids command enrichment. The
results of these tests are summarized in the FTP revision project
reports (14).

In addition to dynamometer testing, several research groups use
instrumented vehiclesto collect emissions datawhile they are driv-
enontheroad. Staab et al. used an instrumented VW Golf to collect
emissions under urban, rural, and freeway road conditions (22).
More recently, Kelly and Groblicki instrumented a GM Bonneville
to collect on-road emissions and have performed several experi-
mentsin Southern California(17). They found that during moderate
to heavy loads on the engine, the vehicle ran under fuel enrichment
conditions, resulting in CO emissions 2,500 times greater than those
at normal stoichiometric operation (HC was 40 times as grest).
Similarly, Ford Motor Company Chemistry Department Research
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Staff has instrumented a 1992 Aerostar van with Fourier transform
infra-red instrumentation to measure approximately 20 species of
emissions (e.g., CO, CO,, methane, total hydrocarbons, NO, and so
forth) at high time resolution while on the road (23). These emis-
sions data are coupled with vehicle operating parameters measured
with a data acquisition system. CARB is aso sponsoring Sierra
Research to instrument 21991 Chevrolet Luminato collect second-
by-second vehicle operating characteristics and CO and HC emis-
sions. Also, researchers at Georgia Institute of Technology have
begun to instrument a vehicle for on-road emissions testing (24).

Through both dynamometer testing and the use of instrumented
vehicles, the amount of highly time-resolved emissions data cou-
pled with vehicle operation parametersisincreasing. Asthiswealth
of dataincreases, it will be possible to further develop and validate
emission modelsthat predict emission rates as afunction of vehicle
operating mode.

Severa “modal-emission” models have recently been devel oped.
For example, the line source dispersion model CALINE4 (25) uses
modal factors prior to calculating roadway emissions dispersion.
The EPA created a mathematical model called “The Automotive
Exhaust Emission Modal Model” to estimate light-duty vehicle CO,
HC, and NO, emissions (26). Both transient and steady-state opera-
tion wereinvestigated. Morerecently, St. Denisand Winer have cre-
ated both a speed-acceleration and a speed-load modal emissions
model using data from a single Ford vehicle (27). Further,
researchers at Sierra Research have extended the model VEHSIM
(originally developed at GM to compute engine speed and load) to
create model VEHSIME that predicts emission rates for specified
driving cycles (28). The model computes the second-by-second
engine speed and load required to drive the cycle, then, using an
emissions map (with interpolation), second-by-second emissions
are approximated. The EPA has similarly extended the VEHSIM
model to create a modal emissions model called VEMISS (29).
Researchers from the University of California, Riverside have
developed a power demand-based modal emission model that pre-
dicts second-by-second emissions given specified vehicle operation
(30). Also, researchers at the University of Michigan have devel-
oped aphysical model that predicts fuel economy given any driving
cycle or trip characteristics, and they have recently extended the
model to predict CO emissions (31,32). Researchers at the Univer-
sity of California, Davis have aso created a CO modal emissions
model based on the SCF database used by EMFAC and MOBILE,
as well as second-by-second data from an Australian vehicle (33).
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M odeling M ethodologies

When discussing and comparing emission modeling methodol ogies,
three components associated with the modeling process should be
considered: (1) the vehicle test, (i.e., how are vehicles tested when
measuring their emissions); (2) the emissions representation, (i.e.,
how are the emissions represented in the model); and (3) the vehicle
activity factor, (i.e., what parameters of vehicle activity are used
when determining an emission inventory—either large regiona
scale, or small roadway scale). As summarized in Table 1, these
components apply to several modeling methodologies, including the
modal emission model approach.

For amodal emissions model, a convenient method to character-
ize vehicle operating modes of idle, cruise, and different levels of
accel eration/decel eration is to set up a speed/accel eration matrix, as
shown in Table 2. The matrix measures emissions associated with
each bin or mode. This emissions matrix can be multiplied with a
similar matrix that has vehicle activity broken down so that each
bin contains the time spent in each driving mode. The result is the
total amount of emissions produced for the specified vehicle activ-
ity with the associated emissions matrix. The problem with such an
approach isthat it does not properly handle other variables that can
affect emissions, such asroad grade or use of accessories. “ Correc-
tion factors’ can be used so that these other variables are taken into
account, but this can be problematic since their effect will typically
be based on secondary testing not associated with the core model
(e.g., similar to the speed correction factorsin CARB’s EMFAC).

Another modal emissions modeling method develops an emis-
sions map based on engine power and speed. Second-by-second
emission tests are performed at numerous engine operating points,
taking an average of steady-state measurements. By basing emis-
sions on engine power and speed, the effects of acceleration,
grade, use of accessories, and so forth can be taken directly into
account. When creating an emission inventory, the vehicle activ-
ity parameters of engine power and speed must be derived from
second-by-second velocity profiles. Recently, EPA performed
extensive mapping of emissions as afunction of power and speed
for 29 different vehicles—a time-consuming, expensive proce-
dure—and there have been data difficulties (34). Another problem
with using an emissions mapping approach is substantial time
dependence in the emissions response to the vehicle operation
(e.g., the use of atimer to delay command enrichment or oxygen
storage in the catalytic converter).

TABLE 1 Modeling Components of Several Emissions Modeling M ethodologies

Emission Modeling Vehicle Test

Methods

Emission Representation Vehicle Activity Factors

current models (i.e.,
EMFAC, MOBILE)

FTP driving cycle (&
ancillary speed correction
factor tests)

total emissions for entire
cycle

vehicle speed (with speed
correction factors)

multiple driving cycles multiple driving cycles by
roadway type and

congestion level

total emissions for each average congestion speed

driving cycle

for each roadway type

second-by-second
emissions testing for all
modes

velocity-acceleration
matrix

average emissions for each
mode of velocity-
acceleration

time spent in velocity-
acceleration matrix

emission mapping second-by-second

emissions testing

emissions map for modes
of engine power and speed

engine power and speed
(must be translated from
sec-by-sec velocity profile)

short driving cycle to
determine key parameters

parameterized physical
model

parameterized analytical
representation

sec-by-sec profile and/or
parameterized trip
characteristics
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TABLE 2 Speed/Acceleration Matrix Containing Modes of Idle, Cruise, and Different L evels of
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Another problem associated with both the speed-acceleration
matrix and emission mapping approaches is the error generated by
either averaging emission rates within each bin or extrapol ating/inter-
polating among them in the emission map grids. Without knowing the
underlying relationship for emission rate versus vehicle speed and
acceleration rates, or engine speed and engine load, the most widely
used methodol ogy assumes a simple two-dimensiond linear relation-
ship among them. Due to measurement difficulties, most speed-
acceleration matrices or emission maps have only a very limited
number of bins or measurement points, resulting in the repetitive use
of the above procedurein real applications. The error associated with
a single bin or engine operationa point could be accumulated into
major computing errorsin thefinal results. The key to diminating this
kind of error is to establish a correct analytical formula among the
important variables.

PHYSICAL MODELING APPROACH

To avoid the problems associated with the above methods, a phys-
ical, power-demand modal modeling approach based on a parame-
terized analytical representation of emissions productionisused. In
the physical model, the entire emissions process is broken down
into components that correspond to physical phenomena associated
with vehicle operation and emissions production. Each component
is then modeled as an analytical representation consisting of vari-
ous parameters that are characteristic of the process. These pa-
rameters vary according to the vehicle type, engine, and emission
technology. The majority of these parameters are stated as specifi-
cations by the vehicle manufacturers and are readily available (e.g.,
vehicle mass, engine size, aerodynamic drag coefficient, and so
forth). Other key parameters relating to vehicle operation and emis-
sions production must be deduced from a comprehensive testing
program. The testing involved is much less extensive than creating
emission maps for awide range of vehicle operating points.

This type of modeling is deterministic rather than descriptive.
Such a deterministic model is based on causal parameters or vari-
ables, rather than based on simply observing the effects (i.e., emis-
sions) and assigning them to statistical bins. Further, the essence of
the proposed modeling approach isthat the major effort isup front,
in the model-development phase, rather than in application. Once
the model forms are established, data requirements for applications

and for updating to include new vehicles are modest. This limited
requirement for data in future applications is perhaps the main
advantage of this modeling approach. This approach also provides
an understanding of or explanation for the variations in emissions
among vehicles, types of driving, and other conditions. Analysts
will be able to discuss “whys” in addition to providing numbers.
Thisisin contrast to models based on statistical “surrogate” vari-
ables that are not necessarily linked to physical variables that can
be measured (33).

There are several other key features that make the physical,
deterministic model approach attractive.

* Itinherently handles al of the factorsin the vehicle operating
environment that affect emissions, such as vehicle technology, fuel
type, operating modes, maintenance, accessory use, and road grade.
Various components model the different processes in the vehicle
related to emissions.

« Itisapplicableto all vehicle and technology types. When mod-
eling a heterogeneous vehicle population, separate sets of parame-
ters can be used within the model to represent al vehicle and
technology types. The total emission outputs of the different classes
can then be integrated with their correctly weighted proportions to
create an entire emission inventory.

* It can be used with both micro- and macroscale vehicle activ-
ity characteristics. For example, if a second-by-second velocity
profile is given, the physical model can predict highly time-
resolved emissions. If average vehicle activity characteristics, such
as average speed, peak average speed, idle time, or positive kinetic
energy (PKE, a measure of acceleration), are given, the physical
model can be used based on average power requirements cal culated
from the activity parameters.

It is easily validated and calibrated. Any second-by-second
driving profile can be applied to the model, while simultaneously
measuring emissions. The two results can be compared and the
parameters of the model can be calibrated accordingly.

* ltisnot restricted to pure steady-state emission events, asisan
emissions map approach or a speed/acceleration matrix approach.
Therefore, emission eventsthat are related to the transient operation
of the vehicle are more appropriately modeled.

« Functional relationships within the model are well defined.
Therefore, in contrast to a model that operates by sampling
numerical data, the analytical approach avoids extrapolation and
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interpolation. Moreover, it is possible to describe delay effects,
such as with the introduction of timers for command enrichment.

« Themodel istransparent. Results are easily dissected for eval-
uation. It is based on physical science, so that data are tested
against physical laws, and measurement errors can be identified in
the model establishment phase.

» The computations performed in the model consist primarily of
evaluating analytical expressions, which can be done quickly with
only modest memory requirements.

There are al so some potential disadvantagesto the approach. Estab-
lishment of this type of model is dataintensive. A large number of
physical variables need to be collected or measured, or both, for the
wide variety of vehicle technology typesin different states of dete-
rioration. Because the modeling approach is based on the study of
extensive emissions measurements in the context of physical laws,
a systematic inductive study of physical mechanisms such as
energy loss and chemical equilibrium will be necessary. The model
development will identify asmaller set of key variablesthat play an
important role in the generation of emissions. Models of this kind
have been developed to predict fuel use with data from the 1970s
(31,32). Through this process one finds that the variations in fuel
use and emissions among vehicles and in different driving modes
are sensitive to only a few critical parameters. Satisfactory accu-
racy will be achievablewith publicly available parameters and with
parameters that can be obtained from brief dynamometer tests.

The statement about the degree of parameterization which is ade-
quate assumes that accuracy is interpreted in absolute terms on the
basis of regulatory needs. For example, analytic modeling of
extremely low emissions, which can occur for short periods during
moderate-power driving, with high relative accuracy might compli-
cate the model to no purpose. Relative accuracy where the emis-
sions are below those of interest for regulatory purposes are not
evaluated. Similarly, in current second-by-second data thereis some
temporal variability to emissions (which may not be real) whose
study may not justify more detailed measurements and model mak-
ing. For regulatory purposes, accurate prediction of emissions over
modes of the order 10 seconds and more may be adequate.

Another critical component of the approach is that malfunctions
and tampering have to be explicitly modeled. Thereis evidence that
the emissions control devices of a high percentage of in-use vehi-
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forth, must be accounted for. Modeling components that estimate
the emissions of gross-emitters are also an important part of this
approach.

Generic Model

A block diagram of a generic physical model is shown in Figure 2,
and each component is described in detail below.

Power Demand Function

An instantaneous power demand function is the fundamental basis
of the physical model. By knowing the vehicle’s mass and given a
prescribed acceleration and velocity on a particular grade, the total
tractive power requirements (in kilowatts) placed on a vehicle (at
the wheels) isgiven in simplest form as:

M
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where

= vehicle mass (kg)
vehicle velocity (m/sec)
vehicle acceleration (m/s?)
gravitational constant (9.81 m/s?)
road grade angle
rolling resistance coefficient
mass density of air (1.225 kg/m?, depending on temperature
and altitude)
A = cross-sectional area (m?), and
C, = agrodynamic drag coefficient.

2000 o<
1l

To trandate this tractive power requirement to demanded engine
power requirements, the following simple relationship can be used
as afirst approximation:
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FIGURE 2 Power-demand emissions modeling methodology.
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where ny is the combined efficiency of the transmission and final
drive, and Peesswries 1S the engine power demand associated with the
operation of accessories, such as air conditioning, power steering
and brakes, and electrical loads. Inthe final model, Pceessories May be
modeled as a function of engine speed, and n; can be modeled in
terms of engine speed and Py ive-

Gear Selection and Engine Speed

The speed of the engine in relation to the speed of the vehicle is
determined by an internal gear selection strategy (or shift schedule)
that depends on inputs such as engine and vehicle speeds and, pos-
sibly, other related inputs such as demanded engine power. Engine
speed N (rps) playsarolein fuel use and the emission control func-
tion. Gear selection and engine speed are complicated by the wide
variety of automatic transmissions and their management. It is not
necessary, however, for the model to accurately specify engine
speed every second. Rather, accuracy is required for longer inter-
vals. For these purposes, simple statistical specification of shift
scheduling/engine speed will be adequate. It should prove satisfac-
tory to determine engine speed in terms of immediate prehistory
and vehicle speed and the power requirement.

Emission Control Srategy and Equivalence Ratio

One of the most important components of this physical model is
approximating the emission control mechanisms of the vehicle.
For older vehicles, engine control was accomplished through
some combination of mechanical, pneumatic, or hydraulic sys-
tems. The engine control regulates fuel and air intake as well as
spark timing and exhaust gas recirculation to achieve the desired
performance in fuel economy, emissions, and power output. Due
to the advent of automotive electronics, modern vehicles have
complex emission control systemsthat closely regulate fuel injec-
tors. For a hot-stabilized engine operating under normal condi-
tions, the fuel mixture is maintained at the stoichiometric ratio,
where the performance of the catalytic converter is maximized.
However, there are several other vehicle operating modes that can
affect the commanded air/fuel ratio. During engine start and
warm up, the air/fuel ratio is typically commanded rich to
improve combustion stability (older, carbureted vehicles use a
choke). Another important operating mode is during high power
episodes, such as those induced by hard accelerations and/or steep
grades. During such an episode, the air/fuel ratio is again com-
manded rich for peak demand power and protection of engine and
catalyst components.

When modeling the emission control function, we consider A as
the regulated output variable, where A is the “equivalence ratio”
and is defined as:

(A1F), -

M= ATE)

where (A/F), is the air/fuel ratio at stoichiometry (=14.7), and
(A/F) is the commanded air/fuel ratio. Like engine speed, the
equivalence ratio must be modeled in terms of the driving charac-
teristics (especially the engine power required and engine warm-
up history) and parameters that describe the vehicle’s command
enrichment strategies. Aswith engine speed, it is not necessary to
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specify accurately equivalence ratio every second; but, since A is
a sensitive parameter for emissions control in short, high-
powered driving episodes, it must be accurately specified for rel-
atively short periods. A modeling approach based on a power
threshold and possible delay with atimer will be tried initially. In
a study already under way by the team, CARB data involving
severa high-power episodes have been modeled with encouraging
results (36).

Fuel Use Model

A model that determines the fuel use in any driving cycle for any
vehicle model has previously been developed (31,32) and isgiven as

P AN D + Feome ()
dt r']engine
where
k = engine friction factor (representing the fuel energy
used at zero power output to overcome engine friction
per engine revolution and unit of engine displacement)
N = engine speed
D = engine displacement, and
Nengine = Measure of indicated engine efficiency.

This equation is asimple but fairly accurate way to determine fuel
use rate (in kilowatts).

Emission Functions

A set of analytical functions that describes engine emissions rates
can be devel oped as functions of fuel consumption and air/fuel ratio.
Under stoichiometric conditions, engine-out emissions are basically
proportional to fuel use. These functions change, however, with
non-stoichiometric conditions (e.g., commanded enrichment).
Tailpipe emissions can be modeled as:

€Mi SSIONSyipe = dF pco/dt [(CPF 5)
dt  drF/dt
where
dF/dt = thefuel-useratein g/s
dCO/dt = the engine-out emissions (for CO) in gramg/s, and
CPF = thecatalyst passfraction, afunction primarily of tem-

perature and equivalence ratio.

Parameterization

Using this physical model approach, models for different
engine/emissions technologies that are represented in the national
vehiclefleet need to be established. Thiswill include the appropriate
combinations of engine type (spark ignition, diesdl), fuel-delivery
system (carbureted, fuel injection), emission-control system (open-
loop, closed-loop technology), and catalyst usage (no catalyst, oxi-
dation catayst, three-way catalyst). The generic model outlined
above only considersthe different components for amodern, closed-
loop emission-controlled vehicle having a spark ignition engine.
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There are several other vehicle/technology/year combinations that
will require variations of this generic model.

After the models corresponding to the different technologies
have been approximated, identifying the key component parame-
ters of the model sthat characterize vehicle operation and emissions
production is necessary. These parameters can be classified into
several categories: (1) readily available (public domain) static vehi-
cle parameters (e.g., vehicle mass, engine size, and so forth);
(2) measurable static vehicle parameters (e.g., vehicle accessory
power demand, enrichment power threshold, and so forth);
(3) deterioration parameters (e.g., catalyst aging, and so forth);
(4) fuel-type parameters; and (5) vehicle operating parameters.

When the physical models and associated parameters are estab-
lished for al vehicle/technology/year combinations, they must be
combined with vehicle operating parameters that are characteristic
of real-world driving. These vehicle operating parameters consist
of static environmental factors such as ambient temperature and air
density, as well as dynamic factors such as commanded accelera-
tion (and resultant velocity), road loads such as road grade, and use
of vehicle accessories (e.g., air conditioning, electric loads, and so
forth).

Combining the physical models with vehicle operating parame-
ters resultsin highly time-resolved emission rates. These predicted
rates can then be compared directly to measured emissions data,
and the parameters of the modeling components—or the modeling
components themselves—can be adjusted to establish an optimal
fit. This calibration/validation process can occur iteratively until
the models are well developed.

As previously mentioned, deterioration factors are considered
within this model. These deterioration factors correspond to the
effects of emission equipment failure, tampering, and long-term
reductions of efficiencies (e.g., catalyst aging). They can be repre-
sented as modeling components within the physical model itself or
as simple additional parameters with the current components, or
both. The incorporation of these components is critical to model
development since their contribution to emissions production has
been shown to be significant (37).

Extension of Microscale Model for M acroscale Use

The developed modal emissions model is microscale, meaning it
can readily be applied to evaluating emissions from specified
driving cycles or integrated directly with microscale traffic simu-
lations (e.g., TRAF-NETSIM, FRESIM, and so forth). However,
its use for estimating larger, regional emissionsis somewhat more
complicated. Because microscale models typically model at the
vehicle level and have high accuracy, they require extensive data
on the system under study and are typically restricted in size due
to the nonlinear complexity gain incurred with larger networks.
To produce emission inventories of greater scope, it is possibleto
develop link-level emission functions for different roadway facil-
ity types (e.g., freeway section, arterials, intersections, rural high-
ways, freeway on-ramps, and so forth) using the modal emissions
model. At the microscale level, emissions can be estimated as a
function of vehicle congestion on each facility type, with differ-
ent degrees of geometrical variation. Statistical emission rates are
then derived from the microscale components as a function of
roadway facility type and congestion level. These rates are then
applied to individual links of a macroscale traffic assignment
model.
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FUTURE WORK

Using this modal emissions modeling approach, a three-year proj-
ect to develop a comprehensive modal emissions model will be
undertaken. This research project will be done in three phases. The
first phase consists of collecting data and literature from recent
related studies, analyzing these data and other emission models as
a starting point for the new model design, and developing a new
dynamometer emissions testing protocol to be used for the vehicle-
testing phase of the project.

Phase 2 is the vehicle-testing phase and consists of acquiring
approximately 300 vehicles that are representative of the national
fleet of on-road vehicles; performing emission tests on these vehi-
cles using a 48-in. single-role electric dynamometer, running the
previously designed testing protocol; developing a working modal
emissionsmodel in an iterative fashion astest dataare acquired; and
validating the model using different drive cycles as well as using
on-road emissions data collected from an instrumented vehicle.

Phase 3 of the project demonstrates how the developed modal
emisson model can be integrated with both microscale and
macroscal e transportation models.
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