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DATA NEEDS FOR EVOLVING
MOTOR VEHICLE EMISSION MODELING APPROACHES

Randall Guensler 1

ABSTRACT

After describing the current emission modeling regime, the paper identifies and
discusses the major problems with the existing emission modeling approaches. The current
short-term modeling improvement programs of the US Environmental Protection Agency
and the California Air Resources Board are discussed. The paper then outlines the three
long-term modeling improvement approaches that are currently being investigated by
regulatory agencies: a multiple-cycle method, an engine map approach, and a modal
modeling technique. Finally, the vehicle activity and emission rate data needs for each
modeling approach (both for model development and implementation) are described.

INTRODUCTION

Transportation and air quality analysts recognize that hydrocarbon and carbon
monoxide emissions from motor vehicles are significantly underestimated (National
Research Council, 1991; Gertler and Pierson, 1991; Newell, 1991; Ingalls, 1989), although
the amount of underestimation is hotly debated. In response, a large amount of recent
research in the emission modeling field has focused upon identifying possible causes of
emissions underestimation. Recent research and literature indicate that there are a number of
problems with existing modeling approaches. These problems generally include: 1)
neglecting a number of important emission-producing activities, 2) drawing inappropriate
statistical inferences based upon collected data, 3) under-representing the contribution of
high-emitting vehicles to average emission rates (i.e. failing to collect data from 
representative sample fleet), and 4) linking akeady uncertain emission rate estimates with
uncertain vehicle activity estimates. However, some of the studies reported in the literature
appear "designed" to increase motor vehicle emissions estimates, a preconception that can be
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problematic. In cases where analysis of data is cursory, researchers may ’correct’ a
component of the emission inventory that is perceived to underestimate emissions, even
when these conclusions do not appear supported by statistical analysis.

In general, the emission behavior of individual vehicles appears to significantly
deviate from expected behavior. Thus, analysts are currently attempting to develop new
emissions models that will better characterize the emissions from individual vehicles. To
properly address uncertainty issues in vehicle emissions behavior, a great deal of additional
data need to be collected, disseminated, and analyzed.

The goals of this paper are to: 1) identify and discuss the major problems with the
existing emissions modeling regime, 2) to discuss the three major modeling improvement
approaches currently being investigated, and 3) to identify the data needed to develop and
implement each of the three proposed modeling improvement programs. To accomplish
these goals, emission producing vehicle activities and the factors that affect the magnitude of
activity-specific emission rates are reviewed, and the areas suspected of contributing the
greatest amount of uncertainty in emission estimation are summarized. The three proposed
general approaches to improving emission models are then discussed: a multiple.cycle
method, an engine map approach, and a modal modeling technique. Finally, the vehicle
activity and emission rate data needed to develop the models and to implement the models
on an ongoing basis are summarized.

EM/SSION I/qVENTOR¥ MODELING

Motor vehicle emissions are estimated by quantifying emission-producing vehicle
activities and coupling these activities with activity-specific emission rates. For example,
vehicle miles of travel and engine idling are activities known to produce emissions, and
gram/mile and gram/hour emission rates can be developed for these vehicle activities under
various operating and environmental conditions. The text and tables that follow describe the
current emission modeling regime (Guensler, 1993).

Emission-Producing Vehicle Activities

Motor vehicles pollute, whether operating on expressways or parked in driveways.
For the purposes of estimating emissions, the action being performed by the vehicle (or
inaction) at the time the emissions occur is an emission-producing vehicle activity. Table 
contains the general vehicle activities known to produce vehicle emissions that are often
included in the emission inventory modeling process, as well as the type of emissions that
are produced:

The elevated emissions of CO, NOx, PM10, and Sex, noted in Table i generally
result from engine conditions that exacerbate incomplete combustion and from catalytic
converter temperatures too low to facilitate efficient control of exhaust gas emissions
(Jacobs, et al., 1990; Heywood, 1988; Joy, 1992; Stone, et al., 1990; Pozniak, 1980).
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TABLE 1. Emission-Producing Vehicle Activities and Emissions Produced

Emission-Producing Vehicle Activity
i

Vehicle Miles Traveled

Type of Emissions Produced

Running Exhaust
(CO, VOC, NOx, PM10, SOx)

Running Evaporative Emissions
(voc)

Cold Engine Starts ¯ Elevated Running Exhaust Emissions
(CO, VOC, NOx, PM10, SOx)

Warm or Hot Engine Starts ¯ Elevated Running Exhaust Emissions
(CO, VOC, NOx, PM10, SOx)

Engine "Hot Soaks" (shut-downs) ¯ Evaporative Emissions (VOC)

Engine Idling ¯

Exposure to Diurnal and Multi-Day
Diurnal Temperature Fluctuation

Vehicle Refueling

Modal Behavior (e.g. High Power
Demand, Heavy Engine Loads, or
Engine Motoring)

Running Exhaust Emissions
(CO, VOC, NOx, PM10, SOx)

Elevated Evaporative Emissions
(voc)

Evaporative Emissions (VOC)

Evaporative Emissions (VOC)

Elevated Running Exhaust Emissions
(CO, VOC, NOx, PM10, SOx)

CO = Carbon Monoxide; VOC = Volatile Organic Compounds; NOx = Oxides of Nitrogen;
PM10 = Fine Particulate Matter (less than 10 microns in diameter) ; SOx = Oxides of Sulfur
Source: Guensler, 1993

Two modeling approaches can be used to address elevated emission rates: 1) the
cause can be modeled as a discrete emission-producing activity (e,g. an engine start), and the
emissions treated as a discrete "puff;" or 2) the emission rate for the parent activity (e.g. the
running exhaust emissions that are elevated by the cold start) can be adjusted upward when
the conditions that cause elevated emission rates are noted. The California Air Resources
Board’s (CARB’s) emission rate model (EMFAC7F), for example, treats the elevated engine
start emissions as a single "puff’ (i.e. separate from running exhaust) and multiplies the
number of engine starts by a cold start emission rate. The US Environmental Protection
Agency’s (USEPA’s) emission rate model (MOBILE5.0), on the other hand, increases 
calculated running exhaust emission rate for vehicles, based upon an assumed fraction of
vehicles operating in cold start, hot start, and hot stabilized modes.
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High power and load conditions, such as rapid acceleration or high speed activities,
also produce significant emissions (CARB, 1991; Benson, I989; Groblicki, 1990; Calspan
Corp., 1973a; Calspan Corp., 1973b; Kunselman, et al., 1974). Recent laboratory testing
indicates that high acceleration rates contribute significantly to instantaneous emission rates,
and that one sharp acceleration may cause as much pollution as does the entire remaining trip
(Carlock, 1992). In addition, unloaded vehicle deceleration events appear to be capable 
producing significant emissions (Darlington, et al., 1992). In contrast to cold start emissions
that occur over a period of minutes, acceleration and deceleration related emissions occur
over a period of seconds. Like engine starts, however, acceleration and deceleration
activities can be treated as discrete emission-producing events and modeled as emission
puffs, provided that emission rates for these activities (as well as any potential factors that
may influence the magnitude of the puff) can be determined. Specific modal activities that
produce elevated emission rates are not currently modeled in the emission inventory process,
and are likely to contribute to emission inventory underestimation.

Activity Specific Emission Rates

The motor vehicle emission rates associated with each of the emission-producing
vehicle activities (i.e. grams of emissions per unit of emission-producing vehicle activity) are
functions of vehicle parameters, fuel parameters, vehicle operating conditions, and the
vehicle operating environment. Table 2 illustrates some of the important variables that can
be taken into consideration in developing emission rate estimates:

The Emission Inventory Process

The on-road motor vehicle emission modeling process consists of: I) quantifying
emission-producing vehicle activities through a travel demand model or other means of
estimation, 2) providing data on vehicle, fuel, operating, and environmental characteristics
to the computer model, 3) running the emission rate model to predict activity-specific
emission rates for the given vehicle, fuel, operating, and environmental characteristics, 4)
multiplying each activity estimate by its appropriate activity-specific emission rate, and 5)
summing the estimated emissions for all activities. Ideally, these emissions estimates must be
temporally and spatially resolved for the purposes of air quality modeling. Developing an
accurate emission inventory for motor vehicles is tremendously complex. As with most
modeling approaches, various modeling assumptions and data aggregation techniques have
been developed to simplify the emission inventory preparation and minimize labor and data
requirements. However, simplifications otten tend to yield uncertain emissions estimates.

The first item to keep in mind, from an emission inventory standpoint, is that
estimation of vehicle activity must necessarily be a secondary process. That is, emission-
producing vehicle activities must fn~t be identified, and emission rates associated with those
activities must be quantified. Only then should vehicle activity be quantified. Without the
knowledge of the emission cause-effect relationships at work, analysts are likely to quantify
the wrong activities. Currently, four-step transportation planning models (UTPS-type
models), often with post-processing, are used to estimate vehicle activity for emission
inventories (Quint, et al., 1993; Bruckman, et al., 1992; Guensler and Geraghty, 1991).
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TABLE 2. Vehicle Parameters, Fuel Parameters, Vehicle Operating Conditions,
and Environmental Conditions Known to Affect Motor Vehicle Emission Rates

Vehicle Parameters:

¯ Vehicle class
[weight, engine size, HP, etc.]*

Model year

Accrued vehicle mileage

Fuel delivery system
(e.g. carbureted or fuel injected)

Emission control system

Onboard computer control system

Control system tampering

Inspection and maintenance history

Fuel Parameters:

¯ Fuel type

¯ Oxygen content

¯ Fuel volatility

¯ Sulfur content (SOx precursor)

¯ Benzene content

¯ Olefm and aromatic content

¯ Lead and metals content

¯ Trace sulfur (catalyst effects)*

Vehicle Operating Conditions:

¯ Cold or hot start mode (unless treated
separately)

¯ Average vehicle speed

¯ Modal activities that cause enrichment*

¯ Load (e.g. A/C, heavy loads, or towing)

¯ Trip length and trips/day*

¯ Influence of driver behavior*

Vehicle Operating Environment:

¯ Altitude

¯ Humidity

¯ Ambient temperature

¯ Diurnal temperature sweep

¯ Road grade*

* These components are not explicitly included in the USEPA or CARB emission rate models.
Source: Guensler, 1993

SUSPECTED PROBLEMS WITH THE EXISTING MODELING APPROACH

Without detailed re-analysis of the data used to develop the algorithms in existing
emission rate models, practitioners cannot accurately identify the individual model
components that contribute the greatest uncertainty to emission estimates. Confidence
interval analysis (based upon re-analysis of the original data) can reveal how representative
each of the model algorithms really are (Guensler, et al., 1993). Because confidence
intervals for model algorithms have not been reported in the literature, assessments of
modeling uncertainty are currently based upon professional judgment and sensitivity
analysis (i.e. the degree to which a change in an independent variable affects the magnitude
of the predicted, or dependent variable). While sensitivity analysis does provide a good feel
for which algorithms are likely to cause significant model output uncertainty, based upon
variation in the model input values provided, sensitivity analysis cannot reflect the modeling
problems associated with poor statistical representation of the actual cause-effect
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relationships being modeled. Thus, it is not surprising that emission modeling practitioners
identify and rank uncertainty problems in their own order of importance, depending upon
their unique experiences. The relative importance of the modeling issues identified in this
section are subject to debate. Further discussion of these issues and of proposals to reduce
uncertainty in the emissions models can be found in TRB (1992), Bruckman and Dickson
(1992), USEPA (1992), Guensler and Geraghty (1991), Gertler and Pierson (1991), 
and Ripberger ( 1991); and Systems Applications International (1991).

Off-Cycle and Modal Emissions

Research at the University of California at Davis indicates that speed-related
emission factors currently used in emission modeling techniques are highly uncertain
(Guensler, et al., 1993). These emission correction factors, by the nature of their statistical
derivation, yield uncertain results with high standard errors. Even a shift to a gram/hour
modeling regime, suggested by some analysts to reduce the non-linearity of the relationship
between speed and emission rates, will not solve the estimation problems (Guensler, 1993).
The empirical models used to develop the speed correction factors for motor vehicle
emission rates do not explicitly account for modal operations such as acceleration and
deceleration (Guensler, et al., 1993; EEA, 1991; Guensler and Geraghty, 1991).

Analysts speculate that a significant cause of motor vehicle emission
underestimation may be related to unrepresentative driving cycle tests used in measuring
vehicle emissions and to develop existing emission models (Carlock, 1992; Darlington,
1992; CARB, 1992). Thus, on-road emission behavior may differ significantly from the
baseline exhaust emission rates developed in the laboratory on a dynamometer under the
codified federal test procedure (FTP). The FTP test does not include speeds over 57 mph
nor sharp accelerations (i.e. greater than 3.3 mph/sec), and some of these ’off-cycle’
conditions are likely to result in enrichment (higher than stoichiometric fuel/air ratios), which
yields high carbon monoxide and hydrocarbon emission rates.

It is interesting to note that combustion enrichment, causing high carbon monoxide
and hydrocarbon emission rates, occurs by design. Vehicle manufacturers use enrichment to
provide necessary instantaneous power output, to control cylinder detonation, and to protect
cylinders, valves, and catalysts from high temperature damage during high RPM activity
(USEPA, 1993a). If these enrichment episodes are not being represented in the FTP, these
events are likely to contribute to emission underestimation.

The effectiveness of the motor vehicle emission control system is related to whether
the vehicle is running in open-loop or closed-loop mode. An oxygen sensor monitors the
oxygen concentration in the vehicle exhaust, sending a descriptive voltage to the onboard
computer system (if oxygen concentration is too low, incomplete combustion is indicated).
To maintain stoichiometric combustion, the onboard computer continually adjusts the air-
fuel ratio and other combustion parameters based upon oxygen sensor readings. This is
known as operating in closed loop mode. However, during the first few minutes of engine
start, or when the engine load deviates from a pre-determined range of values, the vehicle
runs in open-loop mode. Under open-loop conditions, inefficient or high temperature
combustion can occur and pollutant emissions can increase. Ideally, an emission model
would be capable of accounting for open and closed-loop operating conditions. However,
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the factors that affect the control mode are the engine technologies employed and the pre-
programmed range of operations contained in the onboard computer, which are different for
individual manufacturers. Certain engine parameters that affect fuel consumption rates may
also affect emission rates, such as manifold pressure or throttle position (Ross, 1993). Thus,
vehicles of different make, model, and model year can differ significantly in open- vs.
closed-loop response to engine operating conditions imposed by environmental demands
(temperature, speed, acceleration, deceleration, etc.).

Emission rates from those off-cycle operations that cause enrichment appear to be
much greater than the emission rates noted under FTP testing (Carlock, 1992). However, the
data upon which these preliminary conclusions are based (23 vehicles operating under high
acceleration rates) can be questioned because there were a number of significant problems
associated with the data collected. Problems noted in previous data collection efforts (Long,
1992) must be avoided in future data collection efforts by ensuring that: 1) many vehicles
are tested; 2) the vehicle test population better represents a cross-section of the existing
vehicle fleet; 3) testing cycles better represent onroad activity; 4) analytical equipment 
capable of accurately measuring a wide range of emission concentrations (i.e. within
calibration); 5) the response time of analytical equipment and analytical systems is fast
enough to properly integrate the mass emission estimates over one or two second intervals;
6) background ambient air concentrations are measured if they have the potential to vary
greatly (i.e. in a laboratory that is testing multiple vehicles concurrently or has open solvent
containers) and are monitored on a second-by-second basis; 7) exhaust gas flowrates do not
exceed the constant volume sampling pump capacity; and 8) actual vehicle speed vs. time
traces are retained, rather than the speed time trace that each vehicle was supposed to follow.

As mentioned above, vehicle acceleration rates may not be adequately accounted for
in the test procedures used to develop emission rates and correction factors. Recently,
concern has been expressed that road grade is not adequately accounted for in the emission
inventory modeling process, because emission testing cycles were developed to simulate
level grades. Grade can be considered an acceleration that the vehicle must undertake (an
acceleration against gravity), so it seems possible that emissions due to vehicle accelerations
and due to grade could be similarly modeled. Yet, acceleration due to grade can take place
without a change in throttle position. The response of the engine computer and combustion
parameters to road grade deserves further investigation.

Given the poor state of understanding with respect to the actual cause-effect
relationships between vehicle activity and emission rates, especially where modal vehicle
activities are concerned, it is impossible to determine in a defmitive manner the overall
emission impact of many strategies such as transportation control measures and intelligent
vehicle and highway systems (Washington, et al., 1993).

To solve the off-cycle emission rate dilemma and speed correction factor
uncertainty, researchers are currently suggesting that vehicle emission behavior could be
better modeled by examining the second-by-second emission outputs from the vehicle, rather
than using average speed assumptions. Second-by-second data for potentially important
influencing factors would be collected simultaneously during emission testing.
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Characterization of the Fleet

If modeled emission rate estimates are to be representative of the current vehicle
fleet, then vehicles used to derive the emissions models should also be representative. While
this seems a common-sense assertion, implementing a representative testing program is not
simple.

Analysts are relying on the "law of large numbers," where the larger the size of a
representative homogenous sample, the better the sample average and standard deviation
represents the total population (Cohen, 1986). For a representative sample of vehicles to 
drawn, the factors that effect emissions behavior must be conceived before sampling begins.
If an important factor in the population is ignored, the sample collected may not be
homogenous and remits may be misleading. As an example, Cohen cites a study of average
vehicle length where a random sample ignores the controlling factor of vehicle class; the
resulting average length is not likely to be representative of either trucks or autos (Cohen,
1986). If motor vehicle emission rates had not been developed separately for automobiles
and trucks, the resulting average values would be representative of neither autos nor trucks.
Other factors that affect emissions within the automobile class may be overlooked under the
current emission testing system. For example, are high performance vehicles or vehicles
with eight-cylinder engines adequately represented in the vehicle sample fleet for baseline
emission rates and correction factor analyses?

The general problem of failing to control for significant factors is compounded by
the likelihood that a small fraction of the vehicle fleet are currently responsible for a large
percentage of vehicle emissions. For example, ff one out of every hundred vehicles in a
theoretical vehicle fleet emitted 10 grams/mile, and the remaining 99 vehicles emitted 0.1
grams/mile, a random sample of one hundred vehicles that failed to include one of these
high-emitting vehicles would be problematic. The odds of excluding this vehicle from a one
hundred vehicle test population are roughly 37%, and there is still a 13% chance that a
sample of 200 vehicles will fail to include any of these hypothetical high emitters. Analysts
clearly need to rethink current experimental sampling design. Test sample sizes must be
large enough to encompass all of the important factors. Once the factors are better
understood, statistical over-sampling of under-represented vehicle groups can be undertaken
(Ross, 1993). Replicate testing should also be undertaken to examine the variance between
emission test responses of the same vehicle in the same lab and across labs, as this turned out
to be an important issue in the review of the emission inventory models for heavy-duty
trucks (Guensler, et al., 1991).

As noted above, the current presumption that vehicle emission rates are normally
distributed, and that random sampling will adequately represent the fleet, may be invalid.
Vehicle attributes may affect emission rates more than currently modeled, meaning that we
are not controlling for potentially significant factors in our sampling design. Furthermore,
the mechanisms by which governmental agencies select candidate vehicles for testing may
introduce significant bias (e.g. in California, vehicles are randomly selected for testing, but
owners must consent to the test and give-up their vehicle in exchange for a rental car during
the interim). If, for example, owners of tampered vehicles are less likely to consent to the
use of their vehicles in the testing program, this type of sample self-selection can lead to bias
in emission rate estimates (USEPA, 1992). Additional studies should be conducted 
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ascertain how much variation exists in the factors (tampering, misfueling, malmaintenance,
etc.) that lead to high emissions (Loudon, 1993).

While remote sensing technologies are making it easier to identify high-emitting
vehicles on the road, getting these vehicles into the test fleet for emission factor development
is still not a simple task. For more information on the problems of reconciling modeled and
measured emission rates, as well as the potential contribution of high-emitting vehicles, see
Ashbaugh, et al. (1992), Lawson et al. (1990), Pollack, et al. (1992), and Gertler and Pierson
(1991). Problems with test fleet selection beget problems in estimates for baseline exhaust
emission, emission control system deterioration, mahnaintenance, and tampering rates
included in the models.

Cold and Hot Start Emissions

Once the engine reaches a ’hot-stabilized’ mode, combustion stabilizes, lubricant
viscosity decreases, engine computers listen to oxygen sensors and move into closed loop
control, and the emission control catalyst reaches light-off temperature. Hence, emissions
are significantly elevated during the warm-up periods, and hot and cold start emissions
become important contributors to the on-road emissions inventory. Typically, 3-way
catalyst systems require about 2 minutes to reach catalyst light-off temperature, at which
point exhaust gas emissions are significantly reduced (Joy, 1992). In 1987, cold and hot
start operations were estimated to contribute about 27% of hydrocarbon emissions, 35% of
CO emissions, and 19% of NOx emissions from automobiles in the Los Angeles basin
(CARB, 1990). The operation of the vehicle during warm-up affects the rate at which the
catalyst heats and the time it will take to reach catalyst light-off temperature (Austin, et al.,
1992).

The hot and cold start emission factors employed in current emission factor models
are based upon FTP testing. The cold start component of the FTP (Bag 1) employs 
overnight soak. The hot start component of the FTP (Bag 3) employs a ten minute soak.
Each engine start in the test procedure begins with 20 seconds of idle. The length of soak
time affects the magnitude of emissions elevation based upon changes in catalyst and engine
coolant temperature (also important are factors such as wind speed and low ambient
temperatures that can tend to lower catalyst temperature more rapidly). The ~ sends
vehicle activity into heavy load operation fairly quickly, and extended initial idling may
delay the time before the emission control catalyst reaches light-off temperature (Austin, et
al., 1992). The extent to which these effects are significant is currently being investigated.

All of the other test cycles employed in data collection (i.e. for speed correction
factor analysis and running loss analysis) are conducted in hot-stabilized mode. That is, the
vehicles are pre-conditioned so that elevated emission rates associated with engine warm-up
are not included. The reliability of the hot and cold start emission estimates, under either the
USEPA elevated emission rate approach or the CARB emission puff approach are
questionable (especially when highly uncertain speed correction factors are employed in the
derivation of the relative difference between hot stabilized baseline exhaust emission rates
and hot start emission rates). The magnitude of emission effects for various modal activities
under cold and hot starts has not been examined, nor have the relationships between modal
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activity and time to reach catalyst light-off temperature. Based upon preliminary USEPA
analyses, start emissions may be underestimated by as much as 35% (Markey, 1993).

Evaporative Emissions

The evaporative emission testing program has been undertaken separately from the
emission testing programs designed to develop baseline exhaust emission rates and speed
correction factors. There is reason to believe, however, that interaction occurs between
vehicle activity and the evaporative emission rates. With modern fuel injected vehicles, fuel
circulates through the fuel lines to the engine and if not needed for injection is returned to the
fuel tank. Fuel recirculation appears to increase the temperature of the fuel in the fuel tank,
resulting in increased fuel vaporization and tank pressure. Vapors are vented to a charcoal
control canister, and canister vapors are occasionally purged to the engine for combustion
(Jacobs, et al., 1990). The emissions from evaporative control systems while the vehicle is 
motion constitute running losses. A lower frequency of canister purges at low speeds
exacerbates the evaporative emissions problem. Hence, the vehicle activity undertaken (e.g.
trip duration, trip frequency, and extended vehicle idling) may have a significant impact
upon the temperature of fuel and evaporative emission rates. The USEPA in-use driving
surveys indicate that short trips represent a larger fraction of trips than currently modeled,
which may cause evaporative emissions to be underestimated (Markey, 1993).

Running evaporative emissions are already modeled as a function of vehicle speed,
temperature, fuel volatility, and trip duration (based upon an assumed probability that
elevated running loss emissions are more likely to occur for trips with long time duration).
The emission factors in MOBILE4 were based upon the testing of 34 vehicles under the
Federal Test Procedure, four of these vehicles under both the New York City Cycle and
Highway Fuel Economy Test, at ambient temperatures of SOF and 95F, and for fuel volatility
of 9.0 psi and 11.7 psi (USEPA, 1988). For MOBILE4.1, 78 vehicles were employed 
testing, 32 that passed and 46 that failed functional evaporative control system purge and/or
pressure checks (Newell, 1993). For MOBILE5.0, 126 vehicles (some overlapping 
MOBILE4.1 effort) were tested on the FTP cycle at ambient temperatures of 80F, 95F, and
105F, and for fuel volatility of 7.0 psi, 9.0 psi, 10.4 psi, and 11.7 psi, with 39 passing and 87
failing the purge and/or pressure checks (Newell, 1993). Given the limited number 
vehicles tested under the three average speed cycles, the relationship between speed and
running loss emission rates are likely to be tenuous. Also, extrapolation of results beyond
the test conditions would violate acceptable statistical procedures. The limited testing that
has been undertaken should be supplemented to: 1) provide a better representation of fleet
characteristics in the sample, 2) determine potential interactions between modal activities
and existing correction factors with running and other evaporative losses, and 3) establish
confidence intervals around the emission factor estimates.

Automobile fuel economy has been referred to as the forgotten hydrocarbon
emission control strategy (DeLuchi, et al., 1992). The magnitude of refueling emissions
(typically output as gram/mile factors by the MOBILE model) is dependent upon the
frequency of refueling and volume of gas pumped, which are functions of vehicle fuel
economy and fuel tank size. To the extent that vehicle activity affects fuel economy, the
emission rates for refueling emissions are affected. The gram/mile MOBILE model
refueling emission rates were based upon gram/gallon emission rate data, which were then
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translated into gram/mile emission rates (Newell, 1993). Thus, conversion of gram/gallon
emission rates into gram/mile emission rates is inherently uncertain, lacking the causal effect
of duty cycles on fuel consumption rates. Because the MOBILE model is capable of
providing gram/gallon emission rate estimates as well as gram/mile emission rates (Newell,
1993), it would seem prudent to approach the modeling of refueling evaporative emissions
from a stationary source perspective rather than a mobile source perspective (i.e. allocating
refueling emissions to the service station based upon fuel throughput and gram/gallon
emission rates) as is recommended by the USEPA (Newell, 1993).

Interaction Between Various Correction Factors in Emission Models

As mentioned previously, the correction factors employed in the emissions models
are typically assumed to be independent of each other. The one exception is the running loss
emission calculation that takes into account average speed, temperature, and fuel volatility,
albeit the significance of the modeled relationship is unsure at best. As Austin, et al. (1992)
point out, all of the temperature correction factor algorithms in the emission models are
based upon testing conducted on the FTP. It seems reasonable that the emission effects of
temperature and vehicle load may be correlated in some manner; hence, correction factors
for average speed and temperature are probably not independent. If temperature testing had
been undertaken on the test cycles used to develop speed correction factors (Guensler, et al.,
1993), the revealed relationships between relative emissions, average speed, and temperature
would be more certain than the independent use of existing speed correction factors and
temperature correction factors. The independence of all model algorithms can only be tested
if sample selection and testing is undertaken specifically to control for the variety of
potentially correlated variables. Other algorithms that should be tested for independence
include: oxygenated fuel effects, tampering impacts, fuel volatility effects, and inspection
and maintenance effectiveness. Factor levels can be varied while other factors are held
constant, revealing the variation in emissions with varying factor levels. Replicate testing
should also be undertaken. Solving the potential correlation problems will be neither cheap
nor easy. For example, the CARB is currently in the process of contracting a pilot project
that will investigate the synergistic effects of driving cycle, temperature, and fuel
composition that will involve only ten vehicles and will cost $450,000 (Long, 1993).

Activity Quantification and Spatial Allocation

Typical uncertainty problems associated with the use of travel demand and other
vehicle activity models are outlined in the literature (Harvey, 1993; Bruckman and Dickson,
1993; Purvis, 1992; Benson, 1992; Bruckman and Dickson, 1992; Guensler, et al., 1991;
Ismart, 1991; Guensler and Geraghty, 1991; Atkins, 1986; and many others). As previously
mentioned, the first problem associated with vehicle activity estimation is the basic premise
of applicability ... that vehicle activities being estimated are the activities that actually
produce vehicle emissions. For example, quantification of VMT and average speeds along
roadway links do not yield an adequate picture of emissions under the current modeling
regime. Activity model development must follow, or ideally parallel, emission rate
investigation.

11 GuensIer



The additional factor to consider in developing activity modeling approaches is that
air quality models must employ spatially allocated emission estimates and meteorological
assumptions to predict ambient air quality. Thus, inherent assumptions that are employed in
spatial allocation of emissions can cause inaccurate assessments. The typical problem
currently encountered is questionable accuracy and poor resolution of vehicle activity
models employed in the emission inventory estimates. In those areas that employ travel
demand models, model outputs of hourly traffic flow and average vehicle speeds can often
be inaccurate, especially if various model algorithms are modified simply to obtain
agreement with certain required screenline counts (FHWA, 1990). Changes to modeling
procedures that provide analysts better spatially allocated emission estimates will improve
overall modeling results.

Recent activity modeling improvement efforts (Quint, et al., 1993; Harvey, 1993;
jhk & Associates and Dowling Associates, 1992; Bruckrnan, et al., 1991; etc.) have focused
on improving the quality of vehicle activity model outputs, primarily disaggregating the
activity both temporally and spatially to improve emission quantification and resolution.
Emission impact estimates cannot help but be enhanced by the recent improvements in
vehicle activity estimates. However, the important long term question that must be
addressed is whether these activity outputs are the important emission-producing activities.
As new emission-producing activities are identified and emission rate models evolve, travel
demand models will either have to be refined to provide estimates of the pertinent activity, or
new vehicle activity modeling approaches will be needed.

THE USEPA FTP IMPROVEMENT EFFORT

The CA.A amendments required the USEPA to undertake research designed to
ensure that vehicles are tested under circtnnstances which reflect the actual current driving
conditions under which motor vehicles are used (USEPA, 1992; USEPA, 1993a; USEPA,
1993b). The current mandate provides for an assessment of driving behavior by the
USEPA, an assessment of emissions and vehicle testing, published notices of proposed
rulemaking, and final rulemaking by December 1994. It should be noted that the efforts of
the FTP improvement project are focused on potential regulatory action in the vehicle
certification arena, and not on the improvement of the emission inventory (Markey, 1993).

Field studies of driving behavior were carried out by Radian Corporation and Sierra
Research in Spokane, WA, and Baltimore, MD, this year. In accordance with a court
ordered timeline (Markey, 1993), the USEPA produced the ’Federal Test Procedure Review
Project: Preliminary Technical Report in May 1993 (USEPA, 1993c). The USEPA 
undertaking the emission testing effort with the California Air Resources Board and auto
manufacturers (Markey, 1993), and testing is to be completed in August 1993. Analytical
results from the emission testing program will be a critical component of the notice of
proposed rulemaking which must be published by March 31, 1994 (Markey, 1993). The
emission assessment and testing process is open, with data freely shared by the USEPA.

To undertake the assessment of driver behavior, a chase vehicle program and an
instrumented vehicle program were implemented. Sierra Research equipped one chase
vehicle with a laser rangefmder so that it could follow onroad vehicles without alerting
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drivers that their driving patterns were being monitored (DiGenova, 1992). The laser system
allows second-by-second monitoring of speed and acceleration profiles for onroad vehicles.
The laser-equipped vehicle has been employed extensively in Spokane and Baltimore, with
more than 1500 vehicles chased and 100 hours of driving time monitored. Instrumented
vehicles, equipped to monitor time of day, speed, manifold vacuum (load), and RPM were
also implemented as a separate study (102 in Spokane and 113 in Baltimore) by Radian
Corporation. Drivers for the Radian vehicles were recruited through the inspection and
maintenance (I&M) program. Seventy nine vehicles instrumented to record throttle position,
oxygen sensor voltage (to detect enrichment conditions), and coolant temperature were also
put in service by private industry (USEPA, 1993b). An additional 101 privately-owned
vehicles were instrumented by Georgia Tech. under a cooperative agreement with USEPA’s
Office of Research and Development (Markey, 1993). In sum, instrumented vehicles
collected data from more than 10,000 separate trips and 6 million seconds of operation.

As mentioned previously, the FI’P is limited to a maximum acceleration rate of 3.3
mph/second and a maximum speed of 57 mph (and even that speed is for a very short
duration). Based upon the data collected during the FTP study, 8.5% of all speeds exceeded
the FTP maximum rate (USEPA, 1993c) and more than 88% of the trips contained 
acceleration activity that exceeded 4 mph/second (Markey, 1993). In fact, more than one
third of the trips monitored included an acceleration rate at some point during the trip of
more than 7 mph/second (USEPA, 1993b). The cumulative frequency plots for acceleration
values prepared by Systems Applications International, based upon the Baltimore and
Spokane instrumented vehicles, indicate that more than 15% of the total acceleration activity
(in seconds) exceeded 3.5 mph/second (USEPA, 1993b). Similarly, more than 15% of 
deceleration activity exceeded -3.5 mph/second. According to the FTP preliminary technical
report (USEPA, 1993c), about 18% of the total driving time in Baltimore fell outside of the
FTP speed and acceleration envelope.

Based upon the vehicle activity data being collected and analyzed, the possible
options being assessed by the USEPA 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. Manufacturers appear willing to undertake
research efforts that will lead to the identification of vehicle activities that create elevated
emission levels. However, during the FTP modeling improvement project public workshop,
manufacturers also pointed out that some of the enrichment events that occur are designed to
maintain the integrity of the catalytic converters and that any new emission certification
program that might be developed through the FTP improvement research should take into
account the added costs that may be generated by requiring increased efficiency of emission
control systems under these conditions (USEPA, 1993b). Analyses of empirical evidence
will be needed to resolve these issues.

In a parallel vehicle activity monitoring project undertaken for the California Air
Resources Board, the Sierra laser-equipped vehicle was also employed to collect activity
data from the greater Los Angeles area (DiGenova, 1992; Austin, et al., 1992). The CARB
plans to develop a new in-use vehicle dynamometer cycle that is more representative of
actual California driving conditions (CARB, 1991b). The new testing cycle (to be known 
the LA92 cycle) is being developed by Sierra Research for the CARB, and will include high
speed operations and acceleration profiles that are more typical of California highway and
local road traffic. Data collected on the new cycle are expected to improve the accuracy of
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emission inventories generated from bulk activity estimates. However, much of the same
aggregation bias and uncertainty in application to individual corridor specific emission
impact analysis will still remain. Plus, vehicle-to-vehicle variability will still not be explicitly
addressed.

THE 25-BIN MODELING APPROACH

The patterns of vehicle operation on surface streets under congested conditions are
typically represented by low average speeds and stop-and-go conditions. Subsequently,
higher emission rates result per vehicle mile of travel. However, current modeling
methodologies were designed to predict emissions for regions. When the models were
developed, they were never designed with the goal in mind of accurately reflecting emission
rates at the corridor level. Data collection efforts did not sufficiently focus on congestion
effects. Hence, applications of the models using the average speed modeling regime yield
questionable results.

The modeling approach discussed here is currently being investigated by the CARB
and USEPA (Larsen and Baker, 1993; USEPA, 1992). The 25-bin modeling approach
would involve the development of 5 sets of 5 new emission testing cycles. Each set of cycles
would be designed to better reflect typical vehicle activity on five roadway classifications
(freeways, expressways, arterials, connectors, and local roads) under five congestion levels.
It is likely that the congestion levels would 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 (TRB, 1985). Rather than developing baseline exhaust
emission factors under a single test cycle (currently the FTP) and correcting these emission
factors to estimate emissions at speeds other than the FTP average speed, vehicles would be
tested on each of the 25 testing cycles and baseline exhaust emission rates would be
developed for each roadway classification and level of service. Thus, fleet average emission
rates would be pulled from one of the 25 "bins" and then applied to vehicle activity that
occurred under the specified conditions.

To develop 25 ’representative’ cycles, the results of vehicle activity studies similar to
those currently being undertaken by Sierra Research and Radian for the CARB and USEPA
would be employed. Three-dimensional Watson plots (named after H.C. Watson who
developed the Melbourne Peak Cycle), illustrate the frequency of vehicle operation at all
combinations of speed and acceleration (speed vs. acceleration vs. frequency). Watson plots
are being developed from collected vehicle activity data (Austin, 1992). The 25 cycles
would be constructed to typify trips undertaken on these roadway classes under specified
levels of service, so that the Watson plot of representative new test cycle would yield
frequencies of acceleration and speed combinations similar to those in the Watson plots of
observed activity.

Vehicle-hours of delay (VHD) for each roadway link is a function of the traffic
volume, link length, link capacity, number of lanes, and difference between modeled speed
and free flow speed. The outputs from travel demand models, which are used in
conventional emissions impact assessment, include traffic volumes and average vehicle
operating speeds by time of day. However, these models can be configured to provide level
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of service as a descriptive parameter for each link in the network, and each link in the
network is readily allocated into roadway classification. This approach eliminates the need
for demand models to precisely estimate average vehicle speeds for freeways and
expressways and would eliminate the problems associated with the accuracy of current speed
correction factor algorithms.

As with freeways and expressways, level of service is a function of roadway
capacity on arterials and at intersections. Yet, recent studies (Suhrbier, 1993) indicate that
arterial and intersection capacity is a function of time-of-day and day-per-week, probably
due to driver familiarity with the local roadway network for peak period commute travelers
(increasing capacity) and unfamiliarity with the local roadway network for off-peak
shopping and recreational travelers (reducing capacity). This fluctuation of capacity and
level of service will complicate the implementation of the 25-bin modeling approach on
local networks. However, we should keep in mind that actual observation of traffic flows
(using instrumented vehicles or stationary monitoring systems) can be used to determine
which speed bin the emission rates should be pulled from.

Of course, the 25-bin approach to modeling would still employ aggregated data sets.
The typical cycle would represent a large variation in speed profiles, and the emissions from
vehicles operating on the cycle will still exhibit a great deal of variation. Emissions data
collected on these cycles would then be averaged into fleet emission rates. Traffic data
would also be aggregated into one of the 5 level of service classifications. Emission rates
would be applied to average vehicle flows during an hourly period. Aggregation itself is not
a problem, and the proposed modeling approach would likely yield a significant
improvement in modeling accuracy. In developing future emission modeling approaches,
effort should be taken at the outset to establish the uncertainty impacts of data aggregation.

The 25-bin modeling approach is not without the drawback ofs.ignificant added data
and analytical cost over the existing approaches, however (Newell, 1993). For example, if
25 cycles were developed, 500 vehicles were tested on each cycle, and the amortized cost
per test were roughly $800.00, the new program would cost somewhere in the neighborhood
of $10 million. The testing to develop 25 baseline emission rates, coupled with testing
required to address independence of correction factors, "would require data collection and
analysis efforts beyond those ever likely to be attempted (Newell, 1993)."

The CARB Alternative to the 25-Bin Approach (Larsen, 1993)

The high cost of emission testing has resulted in the CARB’s proposal to develop a
scaled-down version of the 25-bin modeling approach; a 10-bin modeling approach. Seven
emission testing cycles are being developed for freeways and three cycles for arterials.

To develop the new freeway cycles, the Sierra Research chase car activity data for
Los Angeles (described earlier) were revisited. Each time the observer in the chase vehicle
perceived a significant change in traffic density, the end of a vehicle activity snippet and the
beginning of a new vehicle activity snippet were defined. Cluster analysis was employed to
separate more than 70,000 seconds of vehicle activity snippets into bins of similar vehicle
activity. The standard deviation of speed, coefficient of speed variation, total absolute
deviation of speed, and percent of activity at idle were the variables used to cluster the
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snippets. The seven freeway bins that were created have average speeds of 9, 17, 25, 32, 40,
53, and 61 mph respectively. The snippets in each bin were dissected to yield a library of
acceleration, deceleration and cruise events of between I and 20 seconds in duration that
could be drawn from to create a new emission testing cycle. A Monte Carlo procedure was
employed to create 500 potential test cycles for each bin. To determine the best cycle for
each bin, the mean speed, standard deviation of speed, total absolute speed deviation,
average positive kinetic energy (PKE/mile), and percent idle characteristics of the random
test cycles were compared with the same average characteristics of the total bin (i.e. as if 
single test cycle were composed of all snippets in the bin). The best match to the average bin
characteristics that also achieved 80% or better ’similarity’ to the bin speed (in 5mph
increments) and acceleration (in 0.5 mph/sec increments) matrix was deemed the best cycle.

The development of three arterial cycles was not as straightforward as the
development of the freeway cycles. Traffic flow on arterials is dependent upon architecture,
traffic light placement and light timing (i.e. likelihood of being stopped), congestion levels,
and possibly even driver familiarity with the local network. From the chase car data, vehicle
activity snippets were created from transportation network node to node (i.e. conforming
with the links of the Southern California Association of Government’s travel demand model).
Ideally, a matrix would be used to break snippets into bins based upon free-flow speed and
traffic flow/congestion level for each arterial link in the network for the hour of the day in
which it was traveled. However, these data were not available for the arterials in question
(nor could they be easily obtained). Thus, activity snippets were sorted into bins based upon
average speed alone, and the snippets in the bins exhibit average speeds of 14, 24, and 34
mph. Because the arterial nodes in travel demand models are often separated by a great
distance, each arterial snippet was dissected into segments between traffic control points (i.e.
stop signs and signals), with each segment called a TCP event. Random cycles were created
by linking events with similar end points of speed (i.e. the end point speed of snippet 
closely matched the start point speed of snippet 2). The best cycle was determined in 
fashion similar to the selection for freeways. Cycles were compared to the bin average based
upon average speed, standard deviation of speed, total absolute speed deviation, and average
positive kinetic energy, as well as percent idle and number of queues encountered per mile.
The best match to the average bin characteristics that also achieved 80% or better ’similarity’
to the bin speed (in 5mph increments) and acceleration (in 0.5 mph/sec increments) matrix
was deemed the best cycle.

THE ENGINE MAP APPROACH

An engine map approach is fairly straightforward and has been employed since the
1970s for some fuel economy models. The conceptual approach is to translate real-time
speed and route information into instantaneous vehicle rpm and load parameters, use an
engine map to look-up the instantaneous emission rates for the specific rpm and load
conditions, and continuously integrate the instantaneous emission rates to estimate the total
emissions from any given set of vehicle activities (USEPA, 1993a; USEPA, 1993b). The
engine map is based upon steady-state testing of the engine and control system. That is, the
engine is placed at specific RPM and load conditions and the emission result is recorded,
creating a 3-dimensional graph of engine RPM, load, and emission rates.
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Two models are employed in the engine map regime, VEHSIM and VEMISS. The
VEHSIM (vehicle performance simulation) model was originally developed by the
Transportation Systems Center of the US Department of Transportation to support vehicle
energy efficiency studies (Zub, 1981). The VEHSIM program translates vehicle activity
(instantaneous speed and acceleration) into horsepower requirements, after losses, in the
form of RPM and torque (Zub, 1981). The translation of vehicle activity into RPM and load
parameters requires that vehicle-specific part libraries be maintained for each vehicle (i.e. the
relationship between vehicle speed, engine speed, and vehicle efficiency parameters), and
numerous interpolations are required within the model (Zub, 1981). The second computer
model is VEMISS, a program that translates RPM and load parameters into instantaneous
emission rates (USEPA, 1993b), where engine maps list power output (brake horsepower) 
the engine load parameter.

Power is required to do work against such forces as internal engine friction,
drivetrain friction, road friction, wind resistance, gravity, and to provide linear acceleration.
Keep in mind that power is work per unit time, work is a force through a distance, and force
is mass times acceleration. The shorter period of time in which the work is performed, the
higher the power requirement. Drivetrain information, gear ratios, tire diameter, etc., must
be known to develop RPM profiles from instantaneous speed, and engine/drivetrain
efficiency parameters are needed to translate instantaneous operating mode into engine load.
Due to significant differences between vehicles (i.e. model to model and model year to
model year), in terms of internal and external frictional forces that must be overcome, the
VEHSIM model must be specifically calibrated for each engine, drivetrain, exhaust system,
and vehicle configuration.

The USEPA is currently evaluating the potential of VEHSIM and VEMISS for
application to general emissions modeling. Both models are in the public domain. The
preliminary evaluation of VEMISS is complete. The prediction results for engine-out
emissions appear encouraging (however, not enough information wks presented in the
USEPA (1993b) documentation to make an informed judgment as to model confidence).
Additional work at the USEPA is ongoing. For example, Systems Applications International
has been contracted by the USEPA to develop a cold start component for VEMISS (Markey,
1993). Variations in catalyst efficiency and dynamic response to changes in pollutant
loading, however, may cause problems in engine map model development.

The evaluation of VEHSIM is still in progress today and results have yet to be
reported. The main questions that still remain to be answered for the general modeling
approach are: 1) will VEHSIM be capable of accurately translating time-speed and route
information into engine load and RPM parameters, 2) will engine maps remain stable over
time as vehicles accumulate mileage, and 3) will emissions that occur under transient
conditions (e.g. response of cylinder volumetric efficiency and air fuel ratio to an
acceleration followed quickly by a deceleration) be adequately represented by the emissions
map that is derived under steady-state conditions?

An interesting approach for introducing operating mode information into an
emission modeling regime might be to test computer control chips in the laboratory (Long,
1992). Engine loads and combustion conditions could be simulated electronically and
analysts could monitor the signal that changes the system from closed loop operation to open
loop operation. This approach is less intensive than the engine map approach, but may
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capture those vehicle operating conditions that tend to cause enrichment events for specific
vehicle models. Hence, existing models could be supplemented with results from computer
control chip studies. Due to the vehicle to vehicle variability in control system response to
load conditions, and the lack of disaggregate data that include open/closed control
monitoring, it is not possible at this time to incorporate this aspect of emission monitoring
into an existing emission modeling regime. But this approach warrants further exploration.

DISAGGREGATE MODAL MODELING WITH LINK PROFILING

Given the need for models that can better predict corridor emissions, research teams
are proposing to use statistical analysis of new and existing data to ascertain the relationships
between modal activities (acceleration, deceleration, constant-speed cruise, and idle
activities) and emission rates (Guensler, et al., 1993; Barth and Norbeck, 1991). Presently,
disaggregate second-by-second emission data are available for ten vehicles tested under a
single high speed test cycle by the California Air Resources Board. Disaggregate data are
now becoming available for instrumented vehicles; six General Motors vehicles in Atlanta
(in an ongoing study being conducted by Georgia Tech.) and a Ford vehicle in Los Angeles
(at the University of California, Los Angeles). Laboratory testing has recently begun at the
California Air Resources Board in E1 Monte, and second-by-second emissions are being
collected for a limited number (10-20) of vehicles. Plus, 29 vehicles are currently being
tested in a modal approach by the USEPA office of mobile sources. In addition, testing by
the Auto Oil/Air Quality Improvement Group has yielded a number of "cycle-subset" test
results, where emissions associated with components of the Federal Test Procedure were
collected in separate sample bags and analyzed. The Auto Oil group has also collected
second-by-second data for a number of older vehicles with accumulated VMT, but the data
are currently archived and have not yet been released for analysis. Given the lack of
comprehensive second-by-second emission data currently available and expected to become
available over the next few years, it is not likely that comprehensive disaggregate modal
emission models that meet "microscopic, discrete-continuous, and stochastic" modeling
criteria can be rapidly developed. Understanding the physical phenomena at work will be
fundamental to model development, and new data and analyses are needed before this
understanding can be achieved.

The primary limitations associated with using existing second-by-second data to
develop a modal model directly are associated with the limited number and types of test
vehicles used to collect data. Analysis of modal emission attributes, based upon the results
from a single vehicle being used to collect on-road second-by-second emission data, will
yield a fairly narrow result. Remember, significant vehicle to vehicle differences are noted
in the engine map approach. But, these results will be important from the standpoint of

identifying factors that must be controlled in future sampling programs. A framework of
analysis into which new second-by-second emission data can be incorporated can be
developed. Research in this area of modal emission rates is ongoing. Thus, as new data and
analyses become available from vehicle manufacturers, agencies, consulting firms, and
academia, the tools for analyzing the emission rate impacts of modal activities will continue
to evolve.
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Once emission rate information as a function of vehicle operating mode is
developed, modal vehicle activity estimates must also be developed. To accomplish this
task, a link profiling approach could be implemented. Link profiling would involve the
development of vehicle speed-time traces along specific roadway classifications under
specific levels of service. These relationships could be derived from observation, paralleling
the 25-bin approach. Or, statistical techniques could be employed to develop relationships
between speed profiles and highway capacity manual concepts. Potential independent
variables could include average flow rates (vehicles/lane/hour) and roadway capacity (as 
function of shoulder width, lane width, presence of abutments, sight distances, weather
conditions, weaving section characteristics, etc.). Statistical representations of "typical"
speed-time profiles could be developed from speed and acceleration frequencies. The
relationships between vehicle flow and highway capacity manual concepts could even be
integrated into existing freeway simulation models currently used to predict vehicle flows on
freeway corridors. If computing power is unlimited, simulation models could actually retain
estimated speed-time traces for individual vehicles. Perhaps an alternative or supplemental
approach, given that some modal activities may be rare events that cause significant emission
rate increases (or "puffs"), would be Monte Carlo simulation of the various speed-time traces
that are encountered. These activity profdes could then be coupled with the modal emission
rate models to better assess the emissions that remit. Thus, a number of alternative
approaches could be explored simultaneously.

Essentially, link profiling is the next step beyond the 25-bin modeling approach,
moving from a stochastic model to a simulation model. Rather than developing an emission
testing cycle for each roadway classification and level of service, emission rates would be
developed for specific modal activities (acceleration, deceleration, idling, and constant speed
cruise). However, it is difficult to know at this time whether a significant improvement in
emission estimation would remit from a shitt to link profiling.

DATA REQUIREMENTS FOR NEW MODELING APPROACHES

The most sensible short-term approach to improving the emissions models is simply
to revisit all of the data used to derive the emissions and activity algorithms in the current
emission rate and vehicle activity models. Once quantified, uncertainties can be
incorporated into policy analyses. This short-term approach could be implemented over a
period of 1-2 years. Although this approach does nothing to reduce uncertain_ty in the
models, it will serve to reduce uncertainty in the application of these models. That is,
emission estimates based upon current models would be used with the level of confidence
appropriate to their accuracy, making transportation policies reflective of the current level of
uncertainty.

There are two medium-term approaches that can be developed and implemented
over a period of 2-5 years. The USEPA is taking the first tack of simply improving the FTP
cycle to make it more representative of on-road vehicle activity. The USEPA may ultimately
develop a new testing cycle, and the new cycle may ultimately result in the implementation
of a FTP Bag 4, representing some of the activities not currently incorporated in the FTP
testing procedures, which will indirectly require manufacturers to improve onboard
computer control systems. On the other hand, implementing a 25-bin approach (or the
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CARB l O-bin approach) will help to disaggregate the current modeling approach to a much
greater extent (by developing emission testing cycles for roadway classifications and level of
service parameters and then applying these test results only to vehicle activity that occur
under these conditions). Neither of these medium-term approaches would explicitly employ
second-by-second emission modeling.

Probably the greatest complaint of policy analysts attempting to undertake
evaluation of proposed emission reduction strategies is that models are not sensitive enough
to evaluate policies that affect fleet composition or the characteristics of vehicle activity.
The long range modeling improvements that will be discussed in this section are designed to
move away from aggregate modeling techniques, and move toward modeling methodologies
designed to better predict emissions from individual vehicles on the road.

Two long-term approaches that are currently being investigated are the engine map
approach and the modal activity modeling approach. Given the data required to develop
models that are representative of the vehicle fleet, it is not likely that either modeling
approach could be implemented sooner than 5-10 years. Both of these emissions modeling
approaches will require a detailed understanding of the cause-effect relationships at work in
the vehicle engine and emission control system, and then the interactions between the
vehicle operating environment and vehicle parameters.

None of the modeling approaches discussed in this paper would necessarily solve
emission modeling problems associated with fleet characterization, hot/cold starts,
evaporative emissions, interaction of emission model correction factors (except to the extent
that correction factors can be eliminated), and spatial allocation of emissions issues, unless
these issues are specifically addressed in future data collection efforts.

Data Requirements to Establish Uncertainty in Existing Models

Uncertainty associated with the use of the existing emission model algorithms can be
quantified by revisiting the original data. No new data are required to implement the short-
term uncertainty assessment for vehicle emission rates and activity. However, all emission
testing data will need to be de-archived for analysis. Given the difficulty in obtaining the
parent emissions database for speed correction factors, this will undoubtedly be an onerous
task. The task of quantifying vehicle activity uncertainty is not as straightforward. The
methods used to develop and calibrate vehicle activity models, coupled with the fact that
variance of individual data sources in activity modeling is rarely known, may make
quantification of activity uncertainty next to impossible (Loudon, 1993).

All of the new medium and long range modeling approaches require extensive
collection of vehicle emission data if we are to adequately assess emissions from the vehicle
fleet. The existing database is too scant even for today’s modeling approach. Once the
emission rate information is obtained, to implement these proposed modeling improvements
new and appropriate vehicle activity data must be collected.
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Data Requirements for the USEPA FTP Improvement Approach

The vehicle activity data necessary to improve the FTP and develop alternative
testing cycles have already been collected and are currently being analyzed. As mentioned
earlier, the three possible options being assessed by the USEPA include revising the existing
FTP, adding a Bag 4 emission testing cycle to the FTP, and developing entirely new
emission testing cycles and requirements (i.e. for high speed/acceleration activity). Once the
FTP improvement solution is selected, data collection for representative fleet samples must
then be undertaken to better characterize the baseline exhaust emission rates for the fleet.

If high speeds and acceleration activities are incorporated into the testing cycles used
to develop baseline exhaust emission factors, some improvement in representation of modal
activity will result. For any of the three FTP improvement scenarios, only one new and
different testing cycle would be developed, meaning that the data collected would not
significantly improve the average speed modeling regime. Without additional modal testing,
or at least incorporation of new speed and acceleration profiles into the other cycles used to
develop speed correction factors, the extent of the improvement is speculative. The emission
testing data collected as a part of the FTP improvement project and the CARB emission
testing project may contain up to 40% of the data on a second-by-second basis (Larsen,
1993). Thus, the project will yield much worthwhile data for future emission inventory
modeling efforts.

Data Requirements for the 25-Bin Modeling Approach

In developing the 25-bin modeling approach, the fn’st task is to develop 25 emission
testing cycles representative of the types of vehicle operations that tend to occur on the five
different roadway classifications under the five levels of service. Typifying vehicle activity
under these conditions will not be simple. One speed vs. time trace will be selected to
represent the individual vehicle profiles that occur. In essence, the cycles will need to
represent the expected values of average speed and percent operation by mode (i.e. percent
of activity at idle and at various speed/acceleration and speed/deceleration combinations).
Data are already being collected to accomplish this task.

Once the cycles are developed, emission rate data will need to be collected from a
representative sample of the vehicle fleet upon each testing cycle. The number of vehicles
that must be tested is still an unknown at this point, and will remain unknown until studies
are conducted to determine the "factors" that must be controlled for in the sample. Clearly,
vehicle class (light-duty auto, light-duty truck, etc.), model year, fuel type (diesel 
gasoline), accrued vehicle mileage, fuel delivery system (carbeureted, throttle body injected,
and fuel injected), emission control system, presence of air conditioning, and perhaps even
various tampering scenarios are variables that must be controlled in the sample selection.
These variables have already been identified as being important factors that affect emission
rates. However, current modeling methodologies essentially assume that these factors
operate independently. Because the assumption of factor independence appears to be
incorrect, future emission data collection efforts cannot afford to make this assumption.
Samples must be sufficiently large to represent various combinations of factors so that
independent and covarying effects can be gleaned from statistical analysis. Even so, the
above mentioned factors may not be the only factors that need to be controlled. Preliminary
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analyses of the speed correction factor emission rate database indicates that eight-cylinder
engines appear to behave differently than four cylinder engines. Engine size, curb weight,
horsepower, and other vehicle parameters probably need to be controlled as contributing
factors in vehicle fleet sample selection. This implies that a great many vehicles need to be
tested on each of the twenty-five testing cycles.

The 25-bin modeling approach is likely to make great strides in better representing
modal activity in the emission inventory process by developing numerous new and more
representative testing cycles. The 25-bin project could also be used to solve the emission
modeling problems associated with hot/cold starts if data are collected in hot stabilized, cold
start and hot start modes. Spatial allocation of emissions are likely to improve. As discussed
previously, the development of future models would be greatly enhanced if data collected
for the 25-bin approach were collected on a second-by-second basis. In fact, two of the five
emission testing bays at the CARB are to be equipped with instrumentation capable of
monitoring emissions on a second-by-second basis, meaning that about 40% of the data
collected in the CARB effort may be useful for modal model development (Larsen, 1993).

Data Requirements for an Engine Map Approach

The emission rate data that must be collected to undertake an engine map approach
are the instantaneous emission rates associated with specific engine RPM and engine load
characteristics. Engine maps must be developed for individual engine models, and then
assembled for the onroad vehicle fleet of engines in a multi-dimensional computer matrix.
The engine map approach may help to solve the emission modeling problems associated
with hot/cold starts if maps are developed under these conditions as well. The engine maps
must represent the fleet, so a great deal of effort must be put into ensuring that the engine
maps are consistent across vehicle models, model years, technology content, etc. Engine
maps ate likely to be dependent upon a number of additional factors that will also need to be
controlled in sample selection. The first variable that comes to mind is the actual computer
control chip that is employed to drive the air/fuel ratio and other combustion parameters.

Once engine maps are available for emission estimation, vehicle activity data need to
be translated into engine map parameters (RPM and load). Translating vehicle activity into
RPM and load does not appear to be a simple task. Parts lists and performance relationships
must be developed for each model and model year that behaves differently. This task will
not be accomplished easily, given the amount of information that must currently be known
for each vehicle, but it can be undertaken. It may be that this modeling approach will stretch
data needs too far and yield models that are too data intensive and unwieldy.

Data Requirements for Disaggregate Modal Modeling

In a modal modeling approach, emission rates would be developed as a function of
modal activity (idle, constant speed cruise, acceleration, and deceleration). Emission testing
data would be investigated to ascertain whether transient activities (e.g. specific speed,
acceleration, and deceleration combinations) cause elevated emission rates. The average
speed modeling regime could be eliminated in favor of a modal model that predicts
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emissions on a second-by-second basis from vehicle activity traces. If, after detailed
investigation of vehicle emissions data, analysts fred that the average speed modeling
techniques are valid for certain types of operations (e.g. perhaps for smooth traffic flow with
relatively minor acceleration fluctuations) but invalid for other types of activity (e.g. high
acceleration rates, acceleration/deceleration combinations, high speeds, or other high power
operations), an average speed emissions modeling regime might be supplemented with
emission factors for significant emission-producing modal activities.

Current activity monitoring efforts focus on the individual vehicle. The laser-
equipped vehicle follows one target vehicle at a time through a given set of roadway and
traffic conditions. Similarly, the instrumented vehicle approach, as currently implemented,
follows the speed time trace of only one vehicle at a time on a roadway segment. The
limited focus of the existing data collection efforts will not enable analysts to determine the
variability of traffic flow on a roadway segment under specific congestion conditions.
General roadway parameters such as average speed, traffic density, and flow rate, are
empirically determined from average observations. The actual traffic flow that occurs under
any roadway condition can be highly variable. Consider the slinky effect that is noted when
vehicles approach congested areas. Individual driver response to instantaneous speeds, the
gap between vehicles, relative acceleration and speed of proximal vehicles, lane width, etc.,
is highly variable. Hence, the modal patterns that occur are also highly variable.

There are a number of approaches that could be taken to better characterize the
driving patterns that occur under congested conditions. First, instrumented vehicles could be
dispatched as a subfleet along congested routes so that the differences in individual vehicle
behavior among the mass could be discerned. Second, automatic vehicle identification
systems (associated with automated toll collection systems such as currently used on the
North Dallas tollway) could be implemented and speed/acceleration profiles could be
monitored through a high density monitoring network along specific routes. Third, remote
sensing or satellite technologies could be employed to physically monitor vehicle speed
traces along congested routes. As discussed previously, once the speed traces are available
for analysis, statistical analysis could be used to develop theoretical relationships for defining
the speed profiles as a function of highway capacity manual concepts or to develop Monte
Carlo techniques. This approach would also require assembly of link parameters that are
found to significantly affect modal vehicle behavior.

INSTITUTIONAL BARRIERS TO DATA ACCESS AND COOPERATIVE RESEARCH

A lack of available data is a significant hindrance facing emission modelers today
(although my evidence for this is anecdotal and based purely upon personal experience). 
seeking data for my research, I encountered: 1) government agencies hesitant to release data
that they considered to be in "preliminary draft" form; 2) private companies unwilling to
release data that they considered to be proprietary (although some were willing to release
their test result data of other manufacturers vehicles); 3) consultants unwilling to release
data unless they were compensated (with the distinct exception of the Coordinating Research
Council, which was very helpful); and 4) multiple parties, including academics, that were
hesitant to release data from which they wanted to be the fast to publish analytical results.
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To resolve the data shortfall and develop rational solutions to current emission
modeling problems, given that annual resource allocations in government and industry are
limited, research must be pooled, staged, and prioritized (Long, 1993; Guensler, et al., 1992;
Guensler and Geraghty, 1991). Most would argue that efficient sharing of data and findings
will move us quickly toward modeling solutions that make sense. The majority of the
working groups at the 1992 biennial summer meeting of the Transportation Research
Board’s Committee on Transportation and Air Quality indicated that broad-based research
consortiums and a peer review process should be established on a nationwide basis to pursue
research in the air quality arena (TRB, 1992). The primary goal of cooperative research is 
provide access to knowledge and to encourage dialogue between expels, thereby improving
our ability to make rational decisions regarding fu~u’e transpo~ation and air quality policies.

The development of a workable consortium process, focused on scientific
understanding of the technical issues at hand is a key priority. The need for cooperative
research is clear. Currently, none of the participants in the advocacy arena fully understand
the depth and breadth of the complex issues, nor do they have access to all of the
information necessary to optimize policy decisions. Hence, some advocates may push for
regulations that are not completely rational or cost-effective, and other advocates may
oppose regulations that would have been more rational and cost-effective than the final
compromise solutions achieved in the regulatory arena.

It is easy for academics (who, in theory, have no fmanc~ stake in the outcome of
research, only in performing the research) and government agencies (which face severe
budgetary constraints that preclude comprehensive testing programs) to call for cooperation
and pooling of funds in research efforts. The automotive and fuels industries are currently
cooperating with each other on emissions research through the Coordinating Research
Council and have released a variety of useful studies (CRC, 1989). However, private
industry has yet to directly undertake cooperative emissions r~earch with government
agencies. Given that significant emission reductions must still be obtained from mobile
sources, an efficiency argument can be made ... the additional costs of air pollution control
that will be borne by the automotive and fuels industries and passed on to consumers will be
lower on the average (and at the margin) if rational regulatory and policy decisions are made
based upon the results of comprehensive and cooperative r~earch, than if they are
continually made in the inefficient, ad-hoc process that currently ~.-~’ts.

In the interim, while a consortium process is developS, data collection efforts
funded by regulatory agencies should be organized and contrac~j in such a manner that all
data are collected in standard formats and that these data are distffouted electronically to any
interested party free of charge. Of course, written descriptieas of how the data were
collected and what quality assurance and quality control procedvwes were employed should
also be provided. To safeguard industry from overzealous publication of inaccurate
analyses, a contractual peer review process could be es~_blished within the data
dissemination framework. The ability to prepare detailed analys~ in a timely fashion and to
undertake adequate peer review of data collection and analys~ depends upon the open
dissemination of data and results.
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CONCLUSIONS

The existing emission databases are insufficient to adequately characterize emissions
from the vehicle fleet. There is a clear consensus in the research community that additional
data are required for any emissions modeling approach, existing or future. New modeling
approaches that are likely to improve emission modeling efforts have been proposed.
Although, additional research will still be required to solve emission modeling problems
associated with fleet characterization, hot/cold starts, evaporative emissions, interaction of
emission model correction factors (except to the extent that correction factors can be
eliminated), and spatial allocation of emissions.

The FTP improvement effort will clearly improve baseline exhaust emission rates,
but will likely do little to reduce the uncertainty currently associated with employing the
myriad of correction factors in the current modeling regime. The 25-bin approach is
probably the most likely approach to gain a short-term as well as long-term benefit. The
development of multiple driving cycles will better characterize onroad emissions and can
remove the problematic speed correction algorithms from the models. The 25-bin approach
can be implemented in concert with a second-by-second emission testing program, and long-
term modal emission models can be developed based upon the data collected during the 25-
bin modeling effort. The engine map and modal emission modeling approaches are clearly
long-term efforts that will be very data and analysis intensive, and both programs should be
vigorously and continuously investigated. Major emission testing programs need to be
undertaken (at substantial cost) if we are to properly characterize emissions from the fleet.

As with emission modeling, major vehicle activity testing and model development
programs need to be undertaken (at substantial cost) if we are to properly characterize
emissions from the vehicle fleet. It is important to note that new approaches for modeling
emission rates must be developed in concert with new vehicle activity models. Activity-
specific emission rates must be coupled with their parent activiti6£ Once significant
emission-producing activities are identified, we must undertake efforts to model and quantify
these activities (Guensler, et al., 1992). The efforts must be parallel, so that models yield
compatible output. During the research efforts, conclusions can be drawn as to whether a
single modeling solution can be developed for regional emission inventory analysis, project-
level emission impact analysis, regulatory policy analysis, etc., or whether modeling
limitations and conditions of model application require more than one modeling approach.
The problems are complex. Logical approaches to model development must include multi-
disciplinary education of analysts, increased communication between the emission and
activity modeling disciplines, and open exchange of data and research findings.
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