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Abstract

In August 1995, the College of Engineering-Center for Environmental Research and Technology (CE-
CERT) at the University of California-Riverside along with researchers from the University of Michigan
and Lawrence Berkeley National Laboratory, began a four-year research project to develop a
Comprehensive Modal Emissions Model (CMEM), sponsored by the National Cooperative Highway
Research Program (NCHRP, Project 25-11). The overall objective of the research project was to develop
and verify a modal emissions model that accurately reflects Light-Duty Vehicle (LDV, i.e., cars and
small trucks) emissions produced as a function of the vehicle's operating mode. The model is
comprehensive in the sense that it is able to predict emissions for a wide variety of LDVs in various
states of condition (e.g., properly functioning, deteriorated, malfunctioning). The model is now complete
and capable of predicting second-by-second tail pipe emissions and fuel consumption for a wide range of
vehicle/technology categories. In creating CMEM, over 350 vehicles were extensively tested on a chassis
dynamometer, where second-by-second measurements were made of both engine-out and tailpipe
emissions of carbon monoxide, hydrocarbons, oxides of nitrogen, and carbon dioxide. CMEM itself runs
on a personal computer or on a UNIX workstation. The model and the emissions database are both
availableon aCD.
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Summary

In August 1995, the College of Engineering-Center for Environmental Research and Technology (CE-
CERT) at the University of California-Riverside along with researchers from the University of Michigan
and Lawrence Berkeley National Laboratory, began a four-year research project to develop a
Comprehensive Modal Emissions Model (CMEM), sponsored by the National Cooperative Highway
Research Program (NCHRP, Project 25-11). The overall objective of the research project was to develop
and verify a modal emissions model that accurately reflects Light-Duty Vehicle (LDV, i.e., cars and
small trucks) emissions produced as a function of the vehicle's operating mode. The model is
comprehensive in the sense that it is able to predict emissions for a wide variety of LDVs in various
states of condition (e.g., properly functioning, deteriorated, malfunctioning). The model is now complete
and capable of predicting second-by-second tail pipe emissions and fuel consumption for a wide range of
vehicle/technology categories.

In this project, the following work was compl eted:

* A literature review was performed focusing on vehicle operating factors that affect emissions. The
literature was categorized into eight different groups, and over 110 documents were reviewed. The
literature review is summarized in Section 2.1.

* A wide variety of data sets were collected pertaining to vehicle emissions and activity. Several of
these data sets were analyzed to help determine a testing procedure for the collection of modal
emission data and to provide insight on how to best develop a comprehensive modal emission model.
A summary of this data collection and analysisis given in Section 2.2.

e The conventional emission models (i.e., MOBILE and EMFAC) were reviewed and evaluated in
light of this NCHRP project to provide insight on how to develop the modal emission model. Section
2.3 outlines this task.

* Based on the information determined in the previous tasks, a testing protocol was designed for modal
emission analysis and modeling. As part of this work, a vehicle/technology “matrix” was developed
identifying the key vehicle groups that make up part of the modal model. This matrix was used to
guide the recruitment of vehicles to be tested. The vehicle/technology categorization is described in
Section 3.1.

* A vehicle emissions testing procedure was developed for use at the CE-CERT dynamometer facility.
This procedure consists of performing second-by-second pre- and post-catalyst measurements of
CO,, CO, HC, and NO, over three separate driving cycles: the full 3-bag FTP, EPA’s SFTP Bag 4
cycle (US06), and a newly designed modal test cycle (MECO1) that focuses on specific modal events.
Thistesting procedure is described in detail in Section 3.4.

* Inorder to develop the full working modal emissions model for a variety of vehicle/technology types,
test vehicles were recruited for dynamometer testing at CE-CERT's Vehicle Emissions Research
Laboratory. A recruitment procedure was set up and implemented so as to fill the target vehicle
numbers in each “bin” of the established vehicle/technology matrix. In total, approximately 450
vehicles were recruited. Sections 3.2 and 3.3 describe the recruitment in detail.

» 357 of the recruited vehicles were tested using the devel oped dynamometer testing procedure. Out of
these 357 tests, atotal of 343 tests had valid, usable data which were used in developing the working
model. The emissions testing is summarized in Section 3.5.
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* Using existing modal emissions data and the emissions data collected in this project, a working
modal emissions model was developed based on our physical modeling approach. Issues dealing with
model parameterization and calibration were addressed for the different vehicle/technology groups,
and malfunctioning/high-emitting vehicles are addressed and characterized. The model development
is addressed in Chapter 4.

e In order to determine how well the model predicts emissions, comparisons were performed between
the modeled output and the measured values. This type of validation was performed at the individual
vehicle level as well as the composite vehicle level. Further, the validation took place at both the
second-by-second time resolution and at the integrated “bag” level. The validation is described in
Chapter 5.

e The massive amounts of data collected in the testing phase were analyzed in detail. The data analysis
focused on items such as vehicle enrichment effects, air conditioning effects, measurement
repeatability, vehicle categorization, and model sensitivity. Some of this data analysisis described in
Chapter 5.

* Model executable code has been produced to run on a PC (command-line or from a graphical user
interface) and under UNIX (command-line only). The command-line executable program predicts
second-by-second emissions given an activity file for a single vehicle type. Another command-line
executable predicts second-by-second emissions given an activity file for an entire fleet of vehicles.
The operation and output of the model can be adjusted using control files. In addition, the model has
been implemented to run from Microsoft Access with an easy-to-use graphical user interface. These
model forms are briefly described in Chapter 6 and more fully in a companion document entitled
“Comprehensive Modal Emissions Model (CMEM) User’s Guide”.

» Veocity/acceleration-indexed emissions/fuel lookup tables for the vehicle/technology categories
were created. These lookup tables can be used by several types of microscopic transportation models,
such as CORSIM, FRESIM, NETSIM, etc. These are discussed in Section 6.2.

* Roadway facility/congestion-based emission factors for the vehicle/technology categories were
generated using EPA’s latest facility/congestion cycles. These emission factors can be used for
mesoscopic transportation models. Thisis discussed in detail in Section 6.3.

* A vehicle category generation methodology to go from a vehicle registration database to the CMEM
categories was created and tested using a local vehicle registration database. Details of the
methodology are given in Section 6.4.

* As part of the integration of the emissions model into different transportation model frameworks,
vehicle category mappings were created between EMFAC/MOBILE and CMEM. This is a great
advantage since vehicle activity set up for either MVEI or MOBILE can now be translated directly to
the modal emission model’ s vehicle/technology categories. Thisis described in Section 6.5.
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1 Introduction

In order to develop and evaluate transportation policy, agencies at the local, state, and federal levels
currently rely on the mobile source emission-factor models MOBILE (developed by the US
Environmental Protection Agency) or California's MVEI modeling suite (Motor Vehicle Emission
Inventory model, developed by the California Air Resources Board). Both MOBILE and MVEI predict
vehicle emissions based in part on average trip speeds and were built upon regression coefficients based
on alarge number of FTP (Federal Test Procedure) bag emission measurements. Since these models are
intended to predict emission inventories for large regional areas, they are not well suited for evaluating
operational improvements that are more “microscopic” in nature, such as ramp metering, signal
coordination, and many Intelligent Transportation System (ITS) strategies. What is needed in addition to
these “regional-type” of mobile source models is an emissions model that considers at a more
fundamental level the modal operation of a vehicle, i.e., emissions that are directly related to vehicle
operating modes such asidle, steady-state cruise, various levels of accel eration/decel eration, etc.

In August 1995, the College of Engineering-Center for Environmental Research and Technology (CE-
CERT) at the University of California-Riverside along with researchers from the University of Michigan
and Lawrence Berkeley National Laboratory, began a four-year research project to develop a
Comprehensive Modal Emissions Model (CMEM), sponsored by the National Cooperative Highway
Research Program (NCHRP, Project 25-11). The overall objective of this research project was to develop
and verify a modal emissions model that accurately reflects Light-Duty Vehicle (LDV, i.e., cars and
small trucks) emissions produced as a function of the vehicle's operating mode. The model is
comprehensive in the sense that it is able to predict emissions for a wide variety of LDVs in various
states of condition (e.g., properly functioning, deteriorated, malfunctioning). The model is capable of
predicting second-by-second tailpipe (and engine-out) emissions and fuel consumption for a wide range
of vehicle/technology categories.

11 MODAL EMISSIONS MODELING APPROACH

Severa types of modal emission models have been developed in the past, using several different
approaches. For example, a convenient method to characterize vehicle operating modes of idle, cruise,
and different levels of acceleration/deceleration is to set up a speed/acceleration matrix. With such a
matrix, it is possible to measure emissions associated with each “bin” or mode. This emissions matrix
can then 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 activity with the associated emissions matrix. The problem with such an approach is
that it does not properly handle other variables that can affect emissions, such as road grade, use of
accessories, etc.

Another modal emissions modeling method isto develop an emissions map that is 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 emissions on engine power and speed, the effects of
acceleration, grade, use of accessories, etc. can be taken directly into account. When creating an emission
inventory, the vehicle activity parameters of engine power and speed must be derived from second-by-
second velocity profiles. However, this approach can be a very time consuming and expensive process.
Another problem with using such an emissions mapping approach is that it is not well suited if thereis
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).
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A problem associated with both the speed-acceleration matrix and emission mapping approaches is that
they are typically based on steady-state emissions, and ignore transient operation. Further, significant
errors are generated by either averaging emission rates within each bin or extrapolating/interpolating
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
methodology is to assume a simple two-dimensional linear relationship among them. Due to
measurement difficulties, most speed-acceleration matrices or emission maps only have a very limited
number of bins or measurement points, resulting in the repetitive use of the above procedure in red
applications. The error associated with a single bin or engine operational point could be accumulated into
major computing errors in the final results. The key to eliminating this kind of error is to establish a
correct analytical formula among the important variables, as described bel ow.

In order to avoid the problems associated with the methods described above, CMEM uses a physical,
power-demand modal modeling approach based on a parameterized analytical representation of
emissions production. In such a physical model, the entire emissions process is broken down into
different components that correspond to physical phenomena associated with vehicle operation and
emissions production. Each component is then modeled as an analytical representation consisting of
various parameters that are characteristic of the process. These parameters vary according to the vehicle
type, engine, and emission technology. The majority of these parameters are stated as specifications by
the vehicle manufacturers, and are readily available (e.g., vehicle mass, engine size, aerodynamic drag
coefficient, etc.). Other key parameters relating to vehicle operation and emissions 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 more deterministic than descriptive. Such a deterministic model is based on
causal parameters or variables, rather than based on simply observing the effects (i.e., emissions) and
assigning them to statistical bins (i.e,, a descriptive model). Further, the essence of the proposed
modeling approach is that the major effort is up 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. Of comparable importance, this approach provides
understanding, 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. Thisis in contrast
to models based on statistical “surrogate” variables that are not necessarily linked to physical variables
that can be measured. There are several other key features that make the physical, deterministic modeling
approach attractive:

* It inherently handles all of the factors in the vehicle operating environment that affect emissions,
such as vehicle technology, operating modes, maintenance, accessory use, and road grade. Various
components model the different processesin the vehicle related to emissions.

e It is applicable to al vehicle and technology types. When modeling a heterogeneous vehicle
population, separate sets of parameters can be used within the model to represent all
vehicle/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.

e It can be used with both microscale and macroscale vehicle activity 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, positive kinetic energy (PKE, a measure of acceleration) are given, the physical model can still
be used based on average power requirements calculated from the activity parameters.
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e It is easily vaidated and calibrated. Any second-by-second driving profile can be applied to the
model, while simultaneously measuring emissions. Modeled results can be compared with
measurements and the parameters of the model can be calibrated accordingly.

e Itisnot restricted to pure steady-state emission events, as is an emissions map approach, or a speed-
acceleration matrix approach. Therefore, emission events that are related to the transient operation of
the vehicle are more appropriately modeled.

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

* The model is transparent; results are easily dissected for evaluation. 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.

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

There are a'so some potentia disadvantages to such an approach. Establishment of this type of model is
dataintensive. There will be alarge number of physical variables to be collected and/or measured for the
wide variety of vehicle technology types in different states of deterioration. Because the modeling
approach is based on the study of extensive emission measurements in the context of physical laws, a
systematic inductive study of physical mechanisms such as energy loss and chemical equilibrium will be
necessary. During the model development, it is necessary to identify a smaller set of key variables that
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 (e.g., [Feng et al., 1993a, 1993b]). 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 accuracy will be achievable with publicly available
parameters, and with parameters which can be obtained from brief dynamometer tests.

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

Another critical component of the approach is that emission control malfunctions and deterioration have
to be explicitly modeled. Problems of high deterioration rates of catalyst efficiency, imprecise fuel
metering, etc., must be accounted for. Modeling components that estimate the emissions of high-emitting
vehicles are also an important part of this approach.

Using this physical model approach, models must be established for different engine/emissions
technologies that are represented in the national vehicle fleet. This will include the appropriate
combinations of engine type (spark ignition, diesel), fuel delivery system (carbureted, fuel injection),
emission control system (open-loop, closed-loop technology), and catalyst usage (no catalyst, oxidation
catalyst, three-way catalyst). After the models corresponding to the different technologies have been
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approximately established, it is necessary to identify the key parameters in each component of the models
that characterize vehicle operation and emissions production. These parameters can be classified into
several categories: 1) readily available (i.e., public domain) static vehicle parameters (e.g., vehicle mass,
engine size, etc.); 2) measurable static vehicle parameters (e.g., vehicle accessory power demand,
enrichment power threshold, etc.); 3) deterioration parameters (e.g., catalyst aging, etc.); 4) fuel type
parameters; and 5) vehicle operating parameters.

When the physical models and associated parameters are established for all vehicle/technol ogy/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 acceleration (and resultant
velocity), road loads such as road grade, and use of vehicle accessories (e.g., air conditioning, electric
loads, etc.).

Combining the physical models with vehicle operating parameters results in 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 occurs iteratively until the models are well
developed.

As previousdy mentioned, factors of emission control deterioration will also be 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 represented as modeling
components within the physical model itself, and/or as simple additional parameters with the current
components. The incorporation of these components is critical to the model development since their
contribution to emissions production has been shown to be significant.

The developed modal emissions model is microscale in nature, meaning it can readily be applied to
evaluating emissions from specified driving cycles or integrated directly with microscale traffic
simulations (e.g., TRAF-NETSIM, FRESIM, etc.). However, its use for estimating larger, regional
emissions is 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 non-linear complexity gain incurred with larger networks. In order to produce
emission inventories of greater scope, it is possible to develop link-level emission functions for different
roadway facility types (e.g., freeway section, arterials, intersections, rura highways, freeway on-ramps,
etc.) using the modal emissions model. At the microscale level, emissions can be estimated as a function
of vehicle congestion on each facility type, with different 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.

12 PROJECT PHASES
This NCHRP research project was carried out in four distinct phases:

Phase 1—The first phase of work consisted of: 1) collecting data and literature from recent related
studies; 2) analyzing these data and other emission models as a starting point for the new model
design; 3) developing a new dynamometer emission testing protocol to be used for the vehicle
testing phase of the project; 4) conducting preliminary testing on a representative sample of
vehicles (approximately 30) with the developed dynamometer emission testing protocol. These
data supplement existing data which were used for 5) the development of an interim working
model.
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Phase 2—This phase of work consisted of 1) conducting testing on a larger representative sample
of vehicles (approximately 320) using the developed dynamometer testing procedure; This large
collection of detailed vehicle operation and emissions data have been used to 2) iteratively refine
the working model. 3) Additional testing data have been used to validate the model.

Phase 3—This phase of work consisted of examining the interface between the developed modal
emissions model and existing transportation modeling frameworks. The objective of this phase was
to demonstrate that the emissions model is responsive to the regulatory compliance needs of
transportation and air quality agencies.

Phase 4—This phase of work consisted of 1) incorporating additional vehicle/technology
categories in order to better estimate emission inventories into future years; 2) developing a
graphical user interface (GUI) for the model, making it more user-friendly; and 3) holding a
national workshop on the model, in order to help introduce the model to transportation/air quality
model practitioners.

121 Phasel Summary

The research team has completed Phase 1 of the project in August, 1996. In Phase 1, the following tasks
were accomplished:

A literature review was performed focusing on vehicle operating factors that affect emissions. The
literature was categorized into eight different groups, and over 110 documents were reviewed. The
literature review is summarized in Section 2.1.

A wide variety of data sets were collected pertaining to vehicle emissions and activity. Several of
these data sets were analyzed to help determine a testing procedure for the collection of modal
emission data and to provide insight on how to best develop a comprehensive modal emission model.
A summary of this data collection and analysisis given in Section 2.2.

The conventional emission models (i.e., MOBILE and EMFAC) were reviewed and evaluated in
light of this NCHRP project to provide insight on how to develop the modal emission model. Section
2.3 outlines this task.

Based on the information determined in the previous tasks, a testing protocol was designed for modal
emission analysis and modeling. As part of this task, a vehicle/technology “matrix” was defined
identifying the key vehicle groups that make up part of the modal model. This matrix was used to
guide the recruitment of vehicles tested in Phase 2 of this project. The vehicle/technology
categorization is described in Section 3.1.

A vehicle emissions testing procedure was developed for use at the CE-CERT dynamometer facility.
This procedure consists of performing second-by-second pre- and post-catalyst measurements of
CO2, CO, HC, and NOy over three separate driving cycles: the full 3-bag FTP, EPA’s SFTP Bag 4

cycle (US06), and a newly designed modal test cycle (MECO1) that focuses on specific modal events.
This testing procedure is described in detail in Section 3.4.

Using the testing procedure, one or two vehicles from each of the different vehicle/technology groups
(31 vehicles total) were tested in Phase 1. Based on this preliminary testing, the vehicle testing
protocol was evaluated and modified for Phase 2 of the project. In addition, an emissions data
validation procedure was developed to ensure the quality of the pre- and post-catalyst emission data
(see Section 3.6 and 3.7).
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The initial mathematical formulation of the modal emission model was developed for all emissions
(including CO2) and fuel consumption. The model parameters were established for each tested
vehicle. The model predictions were compared directly with actual measurements with encouraging
results.

Summary statistics of the emissions data were compiled, such asintegrated bag data, average catalyst
efficiency, catalyst light-off time, and emission values for 60 vehicle operating modes identified in
the MECO1 modal cycle.

122 Phase2 Summary

The research team completed Phase 2 of the project in October, 1997. In Phase 2, the following tasks
were accomplished:

In order to develop the full working modal emissions model for a variety of vehicle/technology types,
test vehicles were recruited for dynamometer testing at CE-CERT’s Vehicle Emissions Research
Laboratory. A recruitment procedure was set up and implemented so as to fill the target vehicle
numbers in each “bin” of the vehicletechnology matrix established in Phase 1. In this phase,
approximately 380 vehicle were recruited. Sections 3.2 and 3.3 describe the recruitment in detail.

296 of the recruited vehicles were tested using three primary driving cycles: 1) the FTP; 2) the US06;
and 3) the MECOL cycle. For nearly al of the vehicles tested, second-by-second tailpipe and engine-
out emissions data were collected. Combined with the 31 vehicle tests of Phase 1B, 327 vehicle tests
were performed in this project. Out of these 327 tests, a total of 315 tests had valid, usable data
which were used in developing the working model. The emissions testing is summarized in Section
3.5.

Using existing modal emissions data and the emissions data collected in this project, a working
modal emissions model was devel oped based on our physical modeling approach. Issues dealing with
model parameterization and calibration were addressed for the different vehicle/technology groups,
and malfunctioning/high-emitting vehicles are addressed and characterized. The model development
is addressed in Chapter 4.

In order to determine how well the model predicts emissions, comparisons were performed between
the modeled output and the measured values. This type of validation was performed at the individual
vehicle level as well as the composite vehicle level. Further, the validation took place at both the
second-by-second time resolution and at the integrated “bag” level. The validation is described in
Chapter 5.

Preliminary analysis was completed on the emissions data, and summary statistics were compiled.
Thisis outlined in Chapter 5.

1.2.3 Phase3 Summary

Phase 3 of the project was completed in September, 1998. In Phase 3, the following tasks were
accomplished:

The massive amounts of data collected in Phase 2 were further analyzed. The data analysis focused
on items such as vehicle enrichment effects, air conditioning effects, measurement repeatability,
vehicle categorization, and model sensitivity.
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* The moda emission model developed in Phase 2 were further refined. Specifically, the calibration
methodology for each vehicle/technology group was improved; the vehicle compositing methodol ogy
was refined; high-emitting vehicles were further characterized and modeled; the model was validated
with additional testing data; and the uncertainty of the different model components were
characterized.

* As part of the integration of the emissions model into different transportation model frameworks,
vehicle category mappings were created between EMFAC/MOBILE and the modal emission model.
This is a great advantage since vehicle activity set up for either MVEI or MOBILE can now be
tranglated directly to the modal emission model’s vehicle/technology categories. This is described in
Section 6.5.

* A vehicle category generation methodology to go from a vehicle registration database to the modal
emission model categories was created and tested using a local vehicle registration database. Details
of the methodology are given in Section 6.4.

» Véocity/acceleration-indexed emissions/fuel lookup tables for the vehicle/technology categories
were created. These lookup tables can be used by several types of microscopic transportation models,
such as CORSIM, FRESIM, NETSIM, etc. These are discussed in Section 6.2.

* Roadway facility/congestion-based emission factors for the vehicle/technology categories were
generated using EPA’s latest facility/congestion cycles. These emission factors can be used for
mesoscopic transportation models. Thisis discussed in detail in Section 6.3.

124 Phase4 Summary

Phase 4 of the project was completed in December, 1999. In this phase, the following tasks were carried
out:

e In order to better estimate emission inventories into future years (e.g., 2010, 2020), additional
vehicle/technology categories were incorporated into the model. These additional categories include
both diesel and gasoline powered heavier trucks (>8500 gross vehicle weight); late model high-
emitting vehicles, and high-mileage Tier 1 vehicles. These additional categories were tested and
modeled in a similar fashion to the methodology established in Phase 2.

* The original command-line implementation of the model is somewhat rudimentary in form, and the
user must be careful to structure the inputs properly. In this task, the “user-friendliness” of the model
has been improved, making it much more flexible and intuitive to operate. The key milestones of this
task was to create a Graphical User Interface (GUI) so that the user can easily control to model.

e In order to help introduce the modal emissions model to transportation/air-quality model
practitioners, a national workshop was held in January 2000.
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2 Background
21 LITERATURE REVIEW

There has been a great deal of research activity concerning the use of conventional emission models in
recent years, centering on topics of drive cycle deficiencies, speed correction factors, vehicle modes of
operation, and the necessity of modal emissions modeling. A comprehensive review of relevant literature
to these topics has been conducted”, focusing on the following topics:

* driving pattern development (15);

e modal emission measurements and modeling (30);

e emission inventory assessment and modeling (26);

» speed correction factors for emission models (4);

* emission effects related to vehicle technology and fuels (23);

e variable-start operation (i.e., cold/hot start) (18);

« fuel enrichment modes of operation and load producing activities (7); and

e on-road emission measurements and malfunctioning vehicles (22).

The number of reviewed documents in each category is shown in parenthesis, for a total of more than
110. The literature primarily consists of government agency reports, conference proceedings, and journal
articles. Key findings of the literature search are summarized in this chapter; an annotated bibliography
of the literature is presented in Appendix A.

2.1.1 Driving Pattern Development

In the past few years, a great amount of research has been conducted in measuring driving patterns and
developing driving cycles that better reflect today’ s driving in comparison with the standard Federal Test
Procedure (FTP) driving cycle [FTP, 1989]. The most significant study has been the FTP Revision
Project [German, 1992; Markey, 1992] consisting of ajoint test program between the US Environmental
Protection Agency (EPA), the California Air Resources Board (CARB) and the auto manufacturers
represented by the Automobile Manufacturers Association of America (AAMA) and the Association of
International Automobile Manufacturers (AIAM). As part of this project, real-world driving activity data
has been collected through instrumented vehicles driving in Los Angeles, Atlanta, Baltimore, and
Spokane [Enns et al., 1993; Markey, 1992]. From the real-world driving pattern data, several new driving
cycles have been created, including the ARB02 and UNIFIED Cycle developed by CARB, and the HLO7,
REMO01, US06, AC866 and SCO1 developed by the EPA (these cycles are described in detail in Chapter 3

* This literature review was completed in late 1995, and therefore does not contain documents from 1996 to the
present.
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of this report). Among these cycles, the US06 is EPA’s preferred method for measuring emissions from
non-FTP driving behavior and has been adapted in the supplemental FTP.

2.1.2 Modal Emission Measurements And Modeling

In order to investigate vehicle emissions associated with modal events, severa recent research studies
have been performed using instrumented vehicles and dynamometers while simultaneously measuring
emissions at high time resolutions (typically second-by-second):

Dynamometer Testing

In the early 1980s, a number of acceleration tests were conducted at the CARB primarily on carbureted
vehicles [Summerfield, 1986], showing a large increase of HC and CO during hard acceleration events.
Acceleration tests were also conducted under the sponsorship of the US EPA in the mid-1980s
[Laboratories, 1987]. In that project, 23 vehicles were tested under various acceleration modes, and the
emissions data were integrated in periods of 5 to 20 seconds depending on the mode. The study found
that the total EPA acceleration cycle has 2.5 times as much CO emissions as the corresponding FTP, and
1.8 times as much HC.

Since then, CARB has conducted a nine-mode emissions analysis, finding that a single hard acceleration
(e.g., 6 mi/h-s) could increase the total trip emissions (CO) nearly by a factor of two [Drachand, 1991].
More recently, CARB has collected second-by-second emissions data on ten newer technology vehicles
using four different test cycles on a chassis dynamometer [Cicero-Fernandez et al., 1993]. Included in
this set of driving cyclesis a specially designed acceleration cycle (ACCEL). The ACCEL driving cycle
consists of 10 acceleration modes, ranging from low, FTP-like accelerations to Wide Open Throttle
(WOT) accelerations. It was found that CO and HC emissions are greatly affected by the various
acceleration modes. Single accelerations could produce roughly twice the amount of emissions of the
total FTP test. CARB has since conducted further testing with 9 additional vehicles tested with
replication [Cicero-Fernandez et al., 1994].

In 1991, the EPA performed extensive mapping of emissions as a function of power and speed for 29
different vehicles [Koupal et al., 1995]. These data have since been used as the basis for the emissions
model VEMISS. More recently, vehicle manufacturers in collaboration with the US EPA have conducted
dynamometer tests of the engine-out and tailpipe emissions of approximately 27 modern technology
vehicles as part of the FTP Revision Project [Haskew et al., 1994; Markey, 1993]. Several driving cycles
were used involving high-power driving of hot-stabilized vehicles. In addition, many of the same vehicles
were tested again using a “non-enrichment” (stoichiometric) chip which avoids command enrichment.

I nstrumented Vehicles

In addition to dynamometer testing, several research groups have instrumented vehicles so that they can
collect vehicle emissions and operation data while they are driven on the road. Staab et. al. used an
instrumented VW Golf to collect emissions under urban, rural, and freeway road conditions [Staab et al.,
1989]. More recently, Kelly and Groblicki instrumented a GM Bonneville to collect on-road emissions
and have performed several experiments in Southern California [Kelly et a., 1993]. They found that
during moderate to heavy loads on the engine, the vehicle ran under fuel enrichment conditions, resulting
in CO emissions 2500 times greater than those at normal stoichiometric operation (HC was 40 times as
great).

Similarly, Ford Motor Company Chemistry Department Research Staff has instrumented a 1992 Aerostar

van with FTIR (Fourier Transform Infra-Red) instrumentation to measure approximately 20 species of
emissions (e.g., CO, CO,, methane, total hydrocarbons, NO, etc.) at high time resolution while on the

12
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road [Jession et al., 1994]. These emissions data are coupled with vehicle operating parameters measured
with a data acquisition system. The Denver Research Institute also has begun to collect emissions (CO,
HC, NO,) from a 1991 Ford Taurus station wagon in collaboration with Ford [Lesko, 1994]. CARB has
sponsored Sierra Research to instrument a 1991 Chevrolet Lumina, to collect second-by-second vehicle
operating characteristics and CO, HC emissions. Researchers at Georgia Institute of Technology have
begun to instrument a vehicle for on-road emissions testing [Rodgers et al., 1994].

Modal Emission Modeling

Recognizing the deficiencies of emission models based on average speed, recent attempts have been
made to model emissions based on specific vehicle operating modes, e.g., acceleration, idle, cruise, and
deceleration. The CARB and the US EPA have conducted preliminary modal emissions testing on a
limited set of vehicles. These experiments have primarily concentrated on emissions associated with
acceleration events [Drachand, 1991; Cicero-Fernandez et al., 1994; Gammariello et a., 1993; Haskew et
al., 1994; Koupa et al., 1995]. As a convenient method to characterize vehicle operating modes of idle,
cruise, and different levels of acceleration/deceleration, it has been proposed to set up a
speed/acceleration matrix. With such a matrix, it is possible to measure emissions associated with each
bin or mode (e.g., [St.-Denis et al., 1993]). This emissions matrix can then 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 activity with the
associated emissions matrix.

Another method is to develop an emissions map that is based on engine power and speed. Second-by-
second emissions testing would be performed at numerous engine operating points, taking an average of
steady-state measurements. By basing emissions on engine power and speed, the effects of acceleration,
grade, use of accessories, etc. can be taken directly into account. When creating an emission inventory,
the vehicle activity parameters of engine power and speed must be derived from second-by-second
velocity profiles. Using emission maps from 29 vehicles, researchers at the EPA have developed the
emissions model VEMISS [Koupa et a., 1995; Koupal, 1995]. Other modal emission modeling
approaches exist, including Geographical Information System (GIS)-based methods [Bachman et a.,
1996] and statistical methods using surrogate variables [Washington, 1996].

2.1.3 Emission Inventory Assessment and Modeling

Extensive efforts have been made by CARB and EPA to revise their regulatory models (MVEI for CARB
and MOBILE for the EPA). In mid-December, 1995, CARB re-introduced version 7G of EMFAC, with
the following key additions/changes: 1) refinement of starts and a redistribution of starts by vehicle age;
2) amodification of the start emissions methodology with variable soak times; 3) an adjustment for high
emitting vehicles; 4) an adjustment for real-world driving patterns; and 5) an incorporation of the latest
enhanced inspection and maintenance program results. Further details on these revisions are given later
in this document. A comparison of EMFAC7F and EMFACYG for the South Coast Air Basin (SCAB)
found that EMFAC7G gave higher emission inventory estimates. HC emissions increased by 29% in
1990 and 5% in 2000. For CO, the increase is 82% in year 1990 and 40% in year 2000. For NOx
emissions, a 41% increase in 1990 and a 10% increase in 2000 has been predicted. EMFACTG is still
based on the average trip speed, thus the methodology of using speed correction factors (SCFs) is
unchanged.

EPA has also made significant revisions to its MOBILE model [EPA, 1995]. These changes focus on: 1)
updated basic emission rates; 2) a revision of the speed correction factors; 3) better characterization of
the fleet; 4) new evaporative emission estimates, and 5) better handling of fuel effects. All of these
changes have resulted in an increase of emissions when estimating inventories.

13
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2.1.4 Speed Correction Factors For Emission Models

The speed correction factor (SCF) techniques used in today’ s conventional emission models are a major
focus of controversy. Using the current speed correction functions, emissions are predicted to increase
non-linearly at higher vehicle speeds [CARB, 1993]. More detailed testing is required at higher speeds to
obtain a better understanding of the associated emission effects, since a major goa of Intelligent
Transportation Systems (ITS) and Transportation Control Measures (TCMs) is to increase the traffic
flow rate, and thus traffic speed.

The major chalenge is whether the utilization of SCFs adequately accounts for the impacts of speed
variability. A key problem with the SCF methodology is that the relationships between speed and
emissions are based on the average emissions of vehicles tested over different driving cycles with
different average speeds than the FTP. They predict the average change in emissions over adriving cycle
for a given change in average vehicle speed. They do not account for the effect of changes in speed (or
acceleration) on instantaneous emissions.

The EPA has recently revised the speed correction factors for its MOBILE model (MOBILESa) resulting
in higher emissions at higher speeds than what was seen in previous models [EPA, 1995]. CARB has aso
addressed the revision of SCFs in light of previous versions of EMFAC. EMFACT7F employs a new
methodology to model the SCFs, resulting in substantial increases over the predicted SCFs of previous
versions [CARB, 1993]. For example, in EMFACYE, low- and intermediate-speed SCF regression
equations from MOBILE4 were combined with the CARB high speed equations. But in EMFACTF, the
actual federal SCF data were integrated with the CARB high-speed data. The subsequent regression
analysis yields much simpler SCF equations for catalyst-equipped passenger cars. The EPA data covered
vehicles tested over avariety of cycles with average speeds ranging from 2.5 to 48.0 mph. CARB testing
covered cycles with average speeds ranging from 16.0 to 64.3 MPH. The testing was grouped by two
technology groups: carburetor or throttle-body fuel injection (CARB/TBI) and multipoint fuel injection
(MFI).

The SCF methodology has also been assessed by other groups. In his Ph.D. dissertation, Randall
Guensler of UC Davis [Guendler, 1993] identifies his major sources of emission rate uncertainty. The
research findings demonstrated that the data and analytical methods employed in the derivation of speed
correction factors result in estimates with high standard errors. The statistical shortcomings of the
existing modeling approach include “data screening” techniques, data aggregation techniques, and model
functional form. A new weighted-disaggregate speed correction factor modeling approach was developed
in this thesis. The most important component of the research was the development of confidence and
prediction intervals associated with using the speed-related outputs from emission models.

215 Emission Effects Related To Vehicle Technology and Fuels

Various papers focusing on the effects of different engine/emissions technologies and fuels on tailpipe
emissions have been collected. The majority of papers on engine technology are Society of Automotive
Engineering (SAE) publications, and most of the fuel-related papers come from the Auto/Oil Air Quality
Improvement Research Program. Since there are literally hundreds of documents in this category, we
only list a small set of examples in the bibliography. Within this category, the literature can be divided
into the following areas:

« Conventional engine technology with better emissions technology, such as air/fuel and engine
system control technology, variable displacement engines, and the use of variable compression
ratios;
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* New engine technology, such as two-stroke engines, ceramic gas turbines, Stirling engines, and
electric/hybrid vehicles;

* Fuel technology, with literature dominated by the Auto/Qil Air Quality Improvement Research
Program, focusing on reformulated gasoline and other alternative fuels;

e Catalyst technology, such as pre-heated systems and lean-burn NOx catalysts;

» Measurement technology, such as on-board diagnostics and instrumented vehicle technology;
2.1.6 Variable-Start Operation (i.e., Cold/Hot Starts)

A significant amount of research has been conducted analyzing the effect of vehicle cold-start operation
on total emissions. Literature dealing with the various areas concerning cold/hot-start emissions, such as
vehicle soaking time, catalyst conversion modeling, heated catalyst research, etc., have been investigated.

CARB has developed a new start emissions methodology broken down into three parts: 1) variable soak
fractions; 2) new cold start emission factor methodology; and 3) variable soak time activity data
[Hrynchuk, 1994; Hrynchuk, 1995]. This new start emissions methodology (described further in Section
4.2.1) isused for light- and medium-duty gasoline vehicles only.

Under the new start emissions methodology, 12 rather than 2 distinct soak periods have been defined.
This new soak activity distribution is combined with the corresponding cold start emission fractions and
the new cold start emissions methodology to estimate total start emissions. Data from the EPA’s
Instrumented Vehicle Study were used to develop the new start activity distribution. The emissions
impacts of the start emissions methodology changes on the total motor vehicle inventory in the South
Coast Air Basin (SoCAB) for HC, NOx, and CO, respectively are the following: -7%, -7%, -26% in
1990; and, -10%, -3%, and -24% in 2010 [Hrynchuk, 1994].

2.1.7 Fud Enrichment Modes Of Operation And Load Producing Activities

Recent research has shown that fuel enrichment modes of operation play a significant role in the total
emission inventory (e.g., [Kely et a., 1993]). Severa research groups have begun to study fuel
enrichment in detail [St.-Denis et al., 1993; Groblicki, 1994; LeBlanc et a., 1994; Rodgers et al., 1994,
Anetal., 1995; Aneta., 1996].

Three types of fuel enrichment have been identified by the US EPA: 1) commanded enrichment, 2)
transient enrichment spikes, and 3) heavy deceleration enrichment [US EPA, 1995]. Commanded
enrichment stems from a deliberate command of arich air/fuel mixture from the engine control system to
the electronic fuel gjection system. Commanded enrichment is typically used whenever an engine is
under high load, such as during hard accelerations or pulling a loaded trailer. The EPA and
manufacturers have also long believed that dlight changes in throttle movement can impact HC and CO
emissions due to rich spikes in the air-fuel ratio. These spikes do not appear to be caused by commanded
enrichment since they were observed in results from both production and stoichiometric calibrations.
Rather, they seem to occur for two different reasons, either from a series of short, abrupt throttle
openings that happen during rapid throttle movement, or from moderate to heavy deceleration events.

EPA aso found out that, when a vehicle suddenly decelerates, the manifold vacuum decreases
dramatically in response to closure of the throttle blade [US EPA, 1995]. This results in the simultaneous
drop of air to very low levels, due to the throttle closing, and a surge of fuel being drawn off the intake
and combustion surface, resulting in an increase in emissions.
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Secondary load-producing activities (in addition to driving behavior characterized by acceleration and
velocity) have also been a subject of research. These secondary load-producing activities primarily
consist of operating on grades, towing heavy loads, and operating high power-demand vehicle
accessories such as air conditioning. The EPA has recently looked into these factors as part of the FTP
Revision Project [US EPA, 1995]. Further, the CARB is conducting an ongoing project to assess driving
patterns likely to promote emission excursions greater than those encountered in current dynamometer
driving cycles, using an instrumented vehicle equipped for on-road testing [Cicero-Fernandez et d.,
1995]. The authors found out that, when driving on grades above 3%, HC and CO were above the
emission rates calculated using EMFAC’s SCFs 86% and 100% of the time respectively. While driving
on negative grades or flat terrain emission rates were closer to the SCF estimates. Effects on total engine
load, such as passengers or AC, may aso be important. On average, the emission effects are exacerbated
with a fully occupied vehicle (4 passenger) while driving on a hill (4.5%) with both for HC and CO
increasing by a factor of 2. For AC operation, tests were performed on two hills (4.5 and 6.7%). The HC
emission rates showed an increase of 57% when AC was used at a maximum setting. For CO the increase
was 268% during AC operation.

2.1.8 On-Road Emission Measurements and Malfunctioning Vehicles

Deterioration factors play an important part of the current emissions modeling methodology. Recently,
with the advent of measuring vehicle emissions using roadside sensors (i.e., “remote sensing”), severa
studies of the in-use emissions of large number of vehicles have taken place [Bishop et a., 1994; Haskew
et al., 1988; Jession et al., 1994; Kirchstetter et al., 1994, Lawson, 1992; Radian Corporation, 1995; Ross
et al., 1995; Stedman et al., 1992; Stedman et al., 1995; Stephens, 1992; Stephens, 1992]. Some studies
have focused on validating remote sensing readings with instrumented vehicles or roadside dynamometer
testing of vehicles identified as high emitters [CARB, 1994; Stephens et al., 1994; California BAR,
1995]. Recent studies have involved repairing high emitter vehicles that have been identified by remote
sensors and dynamometer tests, in order to determine the cost-effectiveness of repairs [Stephens et al.,
1994].

A key finding from the on-road remote sensing studies is that the majority of real-world vehicle
emissions are from a small number of high emitting vehicles [Bishop et a., 1994; Ross et al., 1995; St.-
Denis et a., 1993; Stedman et a., 1992; Stedman et al., 1995; Stephens, 1992; Stephens, 1992]. Even
though there is some disagreement about the accuracy of the remote sensing technology and the numbers
associated with emission contribution and gross emitters, the fact that gross emitters play a dominant role
in the emission inventory is certain.

Both the EPA and CARB have conducted surveys to determine the technical cause of emission control
system (ECS) malfunctions. EPA divided nine specific ECS components into categories of “tampered”,
“arguably tampered”, or “malfunctioning”. Ten years worth of EPA roadside inspection surveys indicate
that nearly 20 percent of all vehicles have been tampered with, and that this rate has not decreased
significantly over time [US EPA, 1985 — 1990]. Two CARB reports on their tampering surveys provide
more detail on component-specific tampering rates, by vehicle technology grouping [Rajan, 1990; Rajan,
1991]. These data indicate that tampering rates of modern, fuel-injected vehicles are lower than those of
carbureted vehicles. However, no one has systematically analyzed the EPA or CARB datato determine if
modern technology vehicles (with computer-controlled fuel injection) have lower tampering rates than
older technology (carbureted) vehicles of the same age.

In addition to the tampering surveys, the EPA has conducted overt and covert audits of
inspection/maintenance test stations [US EPA, 1993]. The EPA concludes from the surveys and audits
that vehicles in centralized I/M programs have lower tampering rates, and therefore are more effective,
than decentralized 1/M programs. Others who have studied EPA’s data argue that, because of
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methodological flaws, the surveys and audits cannot be used to justify one I/M program type over another
[Walsh et al., 1994; Schwartz, 1995].
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2.2 EXISTING DATA COLLECTION AND ANALYSIS

A wide variety of existing data sets pertaining to vehicle emissions and vehicle activity” have been
collected. Preliminary analysis was carried out on several of these data sets, in order to: 1) determine the
gaps in current data which would need to be filled for model development; 2) assist in the development
of amodal emissions test protocol; and 3) provide the basis in determining the sample allocation for the
vehicle testing phase. The data sets have been categorized into five major groups:

» vehicle emissions data (modal and bag)—The magjority of currently available second-by-second
emission data coupled with vehicle operation data (velocity, acceleration, etc.) has come from
modern, properly functioning vehicles.

e driving pattern data—A great deal of driving pattern data has been collected in the past few
years, and has served as the basis for several new driving cycles.

e in-use vehicle registration data—In order to characterize the in-use fleet, as well as to identify
specific vehicle types for the vehicle recruitment task, in-use vehicle registration information is
crucial.

e remote sensing data—Remote sensing data will play an important role in vehicle recruitment
since we will be targeting malfunctioning vehicles as well as properly functioning vehicles.

* miscellaneous data—Other pertinent data exists that will be useful for this project.

In this section, the different data sets are briefly described, followed by short discussions on the
preliminary analyses performed. These analyses focus on existing drive cycle development, real-world
vehicle emissions, and vehicle malfunctions.

2.2.1 DataSet Matrix

The data sets collected in this task are summarized in Table 2.1. This data set summary matrix contains
information on number of records, vehicle identification information, vehicle engine characteristics,
owner information, emissions information, and computer storage.

2.2.2 Vehicle Emissions Data
CARB LDVSP 1to 11

California Air Resources Board Light Duty Vehicle Surveillance Program (LDV SP), Series 1 to Series
11 database contains emissions information on private vehicles randomly selected from the South Coast
Air Basin (SoCAB). Vehicles were tested without modification from normal operating condition. The
vehicles were run through the Federal Test Procedure (FTP) and emissions data were collected by Bag.
The vehicle moddl years were all pre-1987.

* This database collection was essentially completed in late 1995, and therefore does not address new databases that
came into being from early 1996 on.
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Database Rec- Li- VIN | Make/ | Year | Typel | Eng- | Fuel | Trans | Owner | Emis Test Test Stor-
ords | cense M odel Conf. ine 1D sions Cycles Types age
CARB LDVSP No No | YesYes| Yes Yes Yes Yes Yes No Yes FTP 3Bag UNIX
1to11
CARB LDVSP 165 No No Yes Yes Yes Yes Yes Yes No Yes FTP 3Bag & PC
12 Unified sby-s | UNIX
CARB Accel 10 NA NA | YedYes| Yes Yes Yes Yes Yes NA Yes Accl. s-by-s PC
Cycle Data Cycle
Speed Cor- 650 No No No Yes No Yes No Yes No Yes PC
rection Factors
FTP Revision 27 NA NA | YedYes| Yes Yes Yes Yes Yes NA Yes | numerous | sby-s PC
Project (FTP, .)
EPA Steady 29 NA NA | YedYes| Yes Yes Yes Yes Yes NA Yes | Emission | Torque- PC
State Map RPM
Arizona IM240 >1 Yes Yes Yes Yes Yes Yes Yes Yes No Yes IM240 bag & UNIX
1/95-7/97 million (fraction) | sby-s
EPA/ATL 2000 Yes Yes Yes Yes Yes Yes Yes Yes No Yes IM240 Bag UNIX
(1994)
Colorado >1 Yes Yes Yes Yes Yes Yes Yes Yes No Yes IM240 Bag UNIX
IM240 (95-97) | million
AAMA 2000 No No Yes Yes Yes Yes Yes Yes No Yes FTP 3Bag PC
EPA 3- City >300 No Yes | YedYes| Yes No No Yes Yes Yes No NA NA PC
Driving Study UNIX
CARB LA >100 No No Yes No No No No No No No NA NA
chase car study
DMV 15 Yes Yes | YedYes| Yes Yes No No No Yes No NA NA PC
SCAG Region million UNIX
Cut Smog 43,760 | Yes No Yes Yes No No No No Yes No NA NA PC
CaltransVeh. 13,000 | Yes No | YedYes| Yes Yes No Yes No Yes No NA NA PC
Inventory
CHP Vehicle 6,000 - No Yes | YedYes| Yes Yes No No No Yes No No No Hard
Inventory 7,000 Copy
UC Vehicle ~1300 | Partial | Part | Partia Part | Partia | Part Part | Partial | Partia No NA NA
Inventory
BAR ‘94 RSD 2 Yes No Yes/No Yes No No Yes No No Yes Remote | Remote PC
Sacramento million Sensing | Sensing | UNIX
ARB So. Cal. 90,000 | Yes Yes | YedNo Yes No No Yes No No Yes Remote | Remote PC
RSD Study +/- Sensing | Sensing
UCR RSD Data | >2000 Yes No | Yes/No Yes No No No No No Yes Remote | Remote PC
Sensing | Sensing
EPA Test Car NA NA | YedYes| Yes Yes Yes Yes Yes NA Yes FTP Cert- PC
List ification
CARB Snap 8700 Yes Yes | Yes/Yes| Yes Yes Yes Yes No by City No NA NA PC
and ldle
EPA tampering NA NA NA Yes Yes Yes Yes No No No NA NA

surveys

NA - Not Applicable

Table 2.1. Data Set Description Matrix.
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CARB LDVSP 12

CARB Light Duty Vehicle Surveillance Program Series 12 database contains emissions information on
165 vehicles randomly selected from the SOCAB region. Vehicles were tested without modification from
normal operating condition. The vehicles were run through both the Federal Test Procedure (FTP) and
the UNIFIED test cycles. This is an important database because it contains the only second-by-second
FTP emissions of real-world high emitter vehicles (as of late 1995).

CARB Acceleration Cycle

CARB’s High-Acceleration database contains emissions data for 10 vehicles run on the CARB ACCEL
test cycle. The ACCEL test cycle includes 10 high power events varying in intensity and duration. The
vehicle model years range from 1988 to 1990. Tailpipe emissions of CO, HC, NOx, and CO> were

collected on a second-by-second basis.
Speed Correction Factors

This CARB data set contains emissions (bag) information on 650 vehicles that were used in setting up
the speed correction factors for the current emission inventory models. The fleet is somewhat over
represented by older, domestic vehicles manufactured with automatic transmissions. The vehicles are
identified by year, engine size, fuel system, and transmission type.

FTP Revision Project

This data set contains manufacturer data collected as part of the FTP revision project and reported to the
EPA. Twenty-seven 1991 to 1994 vehicles were run through the FTP, ARB02, REPO5, and HLO7 test
cycles. The test cycles used for this project cover a broad range of driving conditions including high-
speed and high-power events. Data were collected on a second-by-second basis for engine speed, vehicle
speed, manifold vacuum, throttle position, air-fuel ratio, engine-out and tailpipe emissions, exhaust
volume, and temperatures. Additional tests were performed with accessories (i.e., air conditioning)
running.

EPA Steady State

The EPA Steady State database contains dynamometer test data on 29 vehicles measured on a second-by-
second basis. All study vehicles were tested during hot stabilized operation. The vehicles were 1990-
1992 cars and light trucks. The vehicles were operated at approximately 60 engine speed/power
combinations with approximately 60 seconds duration each. Measurements were made of vehicle speed,
engine speed, throttle opening, manifold vacuum, engine-out and tailpipe emissions, temperatures, air-
fuel ratio, and dynamometer torque.

Arizona |M240

Over one million records were obtained for vehicles participating in Arizona's centralized
inspection/maintenance program from January 1995 to July 1997. These records include information on
the vehicles tested and bag emissions data over the IM240 cycle. Only a fraction of the vehicles were
given the full IM240 test. These IM240 data as well as other I/M data were used to develop the high
emitting portion of the comprehensive modal emissions model.
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EPA/ATL

In 1994, the US EPA sponsored inspection/maintenance testing in the Atlanta region. Approximately
2000 records were obtained. These records include information on the vehicles tested and bag emissions
data over the IM240 cycle. These IM240 data as well as other I/M data were used to develop the high
emitting portion of the comprehensive modal emissions model.

Colorado IM240

Over one million records were obtained for vehicles participating in Colorado’s centralized
inspection/maintenance program from January 1995 to December 1997. These records include
information on the vehicles tested and bag emissions data over the IM240 cycle. These IM240 data as
well as other I/M data were used to develop the high emitting portion of the comprehensive modal
emissions model.

AAMA

In 1995, the American Automobile Manufacturer Association (AAMA) sponsored FTP testing of
approximate 2000 vehicles. These records include detailed information on the vehicles tested and the 3-
bag emission results of the FTP test.

2.2.3 Driving Pattern Data
EPA 3-City Driving Study

The EPA 3-city driving behavior study database contains second-by-second data on real-world driving
behavior for over 300 vehicles monitored in Atlanta, Spokane, and Baltimore taken in February and
March, 1992. The magjority of the vehicles were monitored for speed, manifold air pressure, and engine
RPM. In addition, about 60 vehicles were monitored for equivalence ratio, throttle position, and coolant
temperature. This study covered arelatively large number of real-world vehicles for a short time period.

CARB Los Angeles Chase Car Study

Sierra Research under contract from CARB conducted a study in 1992 which evaluated the speed-time
profiles of randomly selected routes within the Los Angeles metropolitan region [Austin et al., 1992].
The speed-time profiles were recorded utilizing a forward looking laser mounted in the front grille of an
instrumented vehicle (i.e., “chase car”). Analysis of the resulting data indicated several key points: 1)
vehicles operating within Los Angeles and vicinity were found to have higher acceleration rates than
used in the FTP; 2) the average maximum acceleration of each trip was found to be 2.55 m/s? with a
maximum recorded acceleration of 3.62 mV/s?; and 3) average vehicle trip speed was found to be 26.6
mph with maximum recorded speed of 80.3 mph.

224 In-UseVehicle Registration Data

DMV SCAG Region

Cdlifornia Department of Motor Vehicles registration data for the Southern California Association of
Governments (SCAG) region. SCAG is comprised of Los Angeles, Orange, Riverside, and San
Bernardino counties. This database contains approximately 15 million registered vehicles including

autos, trucks, motorcycles, trailers and buses. Both commercial and privately-owned vehicles are
included.

32



NCHRP Project 25-11 Final Report: The Development of a Comprehensive Modal Emissions Model

Cut Smog

The Cut Smog database contains 43,760 individual vehicles whose license plates have been reported to
the South Coast Air Quality Management District (SCAQMD) 1-800-CUT-SMOG tip line as visibly
polluting vehicles.

Caltrans Vehicle Inventory

California Department of Transportation vehicle inventory, including autos, trucks, trailers and all other
vehicles owned by Caltrans. The database contains about 13,000 records. Vehicles are located by
Caltrans region.

CHP Vehicle I nventory

Cdlifornia Highway Patrol vehicle inventory containing all CHP vehicles. The list contains between
6,000 and 7,000 vehicles registered to the California Highway patrol statewide. The list is available only
on hard copy at thistime.

University of California Vehicle Inventories

Vehicle inventories for severa of the University of California campuses have been collected. Depending
on the data set, information is given on a vehicle's make, model, year, type/configuration, engine, fuel
type, transmission type, and vehicle identification number (VIN). 250 vehicles are cataloged for UC
Berkeley, 644 for UC Davis, 250 for UC Irvine, and 150 for UC Riverside. The University of California
typically does not keep vehicles longer than 12 years, so the fleets are relatively new.

225 Remote Sensing Data
BAR 1994 Sacramento RSD Study

This database contains close to two million observations taken by remote sensing vans in the Sacramento
region in alarge study conducted by the State of California, Bureau of Automotive Repair. The data were
collected at several hundred sites with avariety of driving conditions represented.

CARB California RSD Study

The University of Denver, in conjunction with the California Air Resources Board collected remote
sensing data at 13 sitesin Californiain 1991. There are about 90,000 records on about 60,000 individual
vehicles. CO and HC emissions were measured and recorded with license plates and VINs for the
vehicles.

UCR CE-CERT RSD Data

The UCR CE-CERT RSD study contains about 2,000 observations taken by the CE-CERT RSD van,
measuring CO, CO2 and HC. The data were collected by staff and students over a three-year period on

campus at UC Riverside, and contain multiple observations over several years for some of the vehicles.
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2.2.6 Miscellaneous Data
EPA Test Car List

This data set contains EPA’ s test results for emissions certification of new vehicles (make and model) to
be sold in the United States. The vehicles were run on the FTP test cycle with emissions measured at the
tailpipe. In addition, standardized Miles Per Gallon (MPG) data are listed. Engine and emission control
system information is also provided. Datais provided for model years 1980 - 1993.

CARB Snap and Idle

CARB Heavy Duty Diesal snap and idle testing program data with information on about 9,500 heavy
duty trucks and buses. The data were collected throughout California with 82% of the vehicles California
registered. According to ARB estimates, 22% to 34% of the heavy-duty trucks and buses failed the Snap
and Idle test. 85% of the vehicles which failed the test were found to have been tampered with.

Tampering Surveys

EPA and CARB tampering surveys provide information on the prevalence of specific technical causes of
ECS malfunction. The EPA tampering surveys examine seven ECS components that control exhaust gas
emissions (filler neck restrictor, catalytic converter, oxygen and related sensors, positive crankcase
ventilation or PCV system, heated air intake, air injection system, and exhaust gas recirculation or EGR
system), as well as two components that control evaporative HC emissions (gas tank cap and the
evaporative control system). Each of these components can be disconnected, modified, missing,
malfunctioning, or replaced by non-stock equipment. EPA makes a judgment call as to whether the

LU

specific component was “tampered”, “arguably tampered”, or “malfunctioning”.

We have obtained EPA’s tampering database for the years 1985 to 1990, as well as published reports of
each survey (US EPA 1985 - 1990). Two additional years of data (1991 and 1992) have been collected by
EPA, but have not been publicly released. CARB has published two reports of their tampering surveys
[Rajan, 1990; Rajan, 1991].

2.2.7 Drive Cycle Development

In recent years, a great amount of research has been conducted in developing driving cycles that better
reflect today’'s actual driving in comparison with the standard Federal Test Procedure. The most
significant study has been the FTP Revision Project, where real-world driving activity data has been
collected through instrumented vehicles driving in Los Angeles, Atlanta, Baltimore, and Spokane (e.g.,
[Markey, 1992; Haskew et al., 1994]). From this real-world driving pattern data, several new driving
cycles have been created to better represent modern driving. Brief descriptions of some of the key new
driving cycles are given below:

CycleName  Description

ARBO02 This cycle was developed by CARB based on data from their Los Angeles chase car
study [Austin et al., 1992]. The purpose of this cycle is to test vehicles over in-use
operation outside of the FTP, including extreme in-use driving events.

HLO7 This cycle was developed by the EPA in coordination with the auto manufacturers, with
the purpose of testing vehicles on a series of acceleration events over arange of speeds.
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REPO5

ST01

REMO1

UNIFO1

US06

ACB66

SCOo1

The severity of the accelerations are such that most vehicles are tested at wide open
throttle.

This cycle was developed to represent in-use driving which is outside the boundary of
the current FTP driving cycle. The cycle was generated from a composite data set which
equally represents Los Angeles chase car data and the Baltimore 3-parameter
instrumented vehicle data. The primary purpose of the cycle is to assess in-use
emissions.

This cycle was developed to characterize driving behavior of vehicle starts. This cycle
represents the first 258 seconds after the start of the vehicle (excluding the initial idle).

This cycle was developed to represent in-use driving which was not captured by the
ST01 or REPO5 cycles. When combined, the REPO5, ST01, and REMOL1 are intended to
characterize the full range of in-use driving. The primary purpose of this cycle is to
assess in-use emissions. The cycle was generated from a composite data set which
equally represented Los Angeles chase car data and Baltimore 3-parameter instrumented
vehicle data.

This cycle was developed by CARB to represent the full-range of in-use driving in a
single cycle. The methodology used in generating the cycle is largely consistent with
previous efforts by CARB in developing a unified cycle. The cycle was generated from a
composite data set which equally represented Los Angeles chase car data and Baltimore
3-parameter instrumented vehicle data.

This cycle is 600 seconds in duration and consists of segments of CARB’s ARBO2 cycle
and EPA’s REPO5 cycle. This cycle targets specific high emission, non-FTP operation.
The US06 is based on actual segments of in-use driving.

Bag 2 FTP cycle with anew simulation of in-use air conditioning operation.

EPA developed a new Soak Control Cycle (SC01) to be used for controlling emissions
following intermediate soaks. Initial idles and start driving are addressed in SCO1 by
incorporating the EPA Start Cycle (STO1) in its entirety. The balance of SCOl is
composed of two micro trips of moderate driving, selected from the in-use survey
database in order to bring the total distance up to match the 3.6-miles distance of the FTP
Bag 1 Cycle. The resulting cycle is 568 seconds long.

Among these cycles, the US06 is EPA’ s preferred method for determining emissions for non-FTP driving
behavior. As stated above, the US06 covers the range of non-FTP driving, while targeting severe, high
emission events. The US06 cycle achieves the objectives of both EPA and CARB, thus eliminating issues
or costs associated with the respective agencies having two different control cycles.

In order to better assess a vehicle's “off-cycle” emissions, the EPA plans to implement a Supplemental
Federal Test Procedure (SFTP) in the future. The SFTP includes three single-bag emission test cycles: 1)
a hot stabilized 866 cycle run with a new simulation of in-use AC operation (sometimes referred as Bag 5
testing); 2) anew Soak Control Cycle (SC01), which is performed following the new 60-minute soak and
with the new simulation of in-use AC operation; and 3) a new Aggressive Driving Cycle (US06)
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performed while a vehicle is in the hot stabilized condition, often referred as Bag 4 testing. The EPA
recommends using a 48-inch single-roll dynamometer with electronic control of power absorption.

In order to capture modal emission events during in-use driving, part of the modal test protocol
developed for this project contains the US06 cycle. We believe that a significant amount of effort went
into the design of this modern in-use cycle, therefore we did not re-analyze the driving pattern data to
create anew cycle to be part of the modal testing protocol.

2.2.8 Real-World Vehicle Emissions Analysis

In order to identify the critical issues of estimating vehicle tailpipe emissions as a precursor to the model
development, we have extensively analyzed CARB’s LDV SP Series 12 data (see Section 2.2.2 above).
Under CARB’s LDV SP-12, vehicles were tested on the UNIFIED driving cycle as well as the Federa
Test Procedure (FTP). This consists of a three-bag test using prescribed preconditioning and soak
periods. Summary characteristics of both the FTP (i.e., LA4 driving cycle) and the UNIFIED cycle are
listed in Table 2.2. This table shows that the LA4 and UNIFIED cycles have similar overall duration and
distance traveled; however, the bag specific times and distances are quite different. The UNIFIED cycle
also has much higher peak speed and maximum acceleration. Its Bag 2 sub-cycle includes a portion of
high power enrichment driving lasting approximately 35 seconds for atypical passenger vehicle, or about
2.4% of the total cycletime.

Using the LDV SP-12 data for 165 vehicles, an analysis was performed on the following four vehicle-
categories:

1) “P-car”, representing a properly functioning car whose tailpipe emissions are less than the 1983-
1992 FTP standards (7.0, 0.39 and 0.7 g/mi for CO, HC, and NOx respectively). A P-car is most
likely awell-maintained new car with mileage less than 50,000 miles.

2) “M-car”, representing a car with malfunctioning emission controls, resulting in severe tailpipe
emission levels;

3) “D-car”, representing a car whose emission control systems have naturally deteriorated. A D-car is
most likely an older car with an odometer reading above 50,000 miles with its emission control
system not grossly malfunctioning;

4) “R-cars’, representing average real-world cars with fleet emissions composed of a mixture of the
P-, M-, and D- car characteristics.

uc ucC FTP FTP
UC Bag Bag FTP Bag Bag

1 2 1 2
Duration (s) 1435 300 1135 1372 505 867
Distance (mi) 98 12 86 75 36 39
Ave Speed (mph) 246 142 274 195 256 16.0
Peak Speed (mph) 67.2 411 672 56.7 567 343
Max Accel (mph/s) 69 58 69 33 33 33
PKE (ft/ss) 15 21 14 12 11 12

Table 2.2. Comparison of FTP and Unified Cycle. Positive Kinetic Energy (PKE) is ameasure of acceleration work.

The FTP bag emission rates for the 165 vehicles varied dramatically from vehicle to vehicle, ranging
from within FTP standards to more than 10 times the FTP standards. Table 2.3 gives the emission
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multipliers of FTP standards for these vehicles, by the 10th, 25th, 50th, 75th and 90th percentile. The
100th percentile numbers represent the maximum values. From Table 2.3, one can see that the emissions
increase almost evenly from the 10th to 90th percentile, but rise dramatically from the 90th to the 100th
percentile. This strongly suggests that the highest emitting 10% of the vehicle population behaves
differently from the other 90% of the vehicles. Based on the above arguments, we believe they represent
malfunctioning vehicles. The assumption of 10% M-cars is consistent with other studies (e.g., [Bishop et
a., 1994; Stephens, 1992]). For the purposes of analysis, we choose cut-points that correspond to the
90th percentile FTP multipliers, i.e., 3.2 x FTP for CO, 4.3 x FTP for HC and 2.6 x FTP for NOx when
classifying M-cars.

XFTP | XFTP |[XFTP
Cco HC NOX
10th 0.3 0.5 0.4
25th 0.5 0.7 0.6
50th 0.9 1.2 1.0
75th 15 2.4 17
90th 3.2 4.3 2.6
100th 14.7 10.2 9.1

Table 2.3. Percentile Table of the 165 Cars

It follows that to define D-cars, emission rates will be between 1 to 3.2 times the FTP standard for CO, 1
to 4.3 times the FTP for HC and 1 to 2.6 times the FTP for NOx, as shown in Table 2.4. The emission
rates for R-Cars are taken to be the average emission values for the entire 165-vehicle sample set.

xFTP | xFTP |xFTP | Average | >50,000
CO HC NOx Mileage | miles
P-Cars [<1.0 <1.0 <10 51,000 |40%
D-Cars [1-32 |[1-43 |[1-26 |[89500 |85%
M-Cars | >3.2 >4.3 >26 99,200 | 95%
R-Cars |15 2.0 14 71,300 | 70%

Table 2.4. Summary Table for P-, D- M- and R- Cars

Table 2.4 also gives the average mileages and the percentages of vehicles from the LDV SP-12 data set
with mileage above 50,000 miles for each vehicle category. For example, the average mileage for P-cars
is 51,000 miles and about 60% of P-cars have mileages below 50,000 miles. For D-Cars, the average
mileage is about 90,000 miles and amost 85% of D-cars have mileages over 50,000 miles. In other
words, D-cars are likely to be the vehicles with odometer readings beyond the manufacturer’ s guarantee
mileage. Over 95% of M-cars have odometer readings larger than 50,000 miles. R-cars have similar
characteristicsto D-cars.

The UNIFIED driving cycle includes a portion of vehicle operation that |eads to enrichment conditions
that last approximately 35 seconds for typical passenger vehicles. Thisis approximately 2.4% of the total
cycle time. This 2.4% enrichment time is roughly consistent with other studies, such as the 6-parameter
instrumented car studies conducted by the US EPA [Markey, 1992; Kishan et a., 1993]. Here we assume
that the emissions which occurred in this period of time represent real-world enrichment emissions.
Because the same vehicles were tested sequentially on both the LA4 and UNIFIED cycles, the
enrichment emissions can be estimated by simply subtracting the Bag 2 emission rates of the LA4 from
that of the UNIFIED cycle, adjusted by the speed correction factors and distance (for a detailed
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discussion see [An et a., 1995]). Note that although we refer to these as enrichment emissions, there is
evidence that much of the NOx emissions may come from moderately high power under stoichiometric
conditions.

Based on the above methodology, the real-world exhaust emissions from P-, M- and D- cars can be
estimated. Approximately 33%, 10%, and 57% of vehicles are P-, M- and D-cars respectively. Table 2.5
gives the vehicle exhaust emissions for P-cars.

Emission Factors (g/mi) (6(0) HC NOx
Stabilized 112 005 018

Cold Start 234 026 012

Hot Start 055 003 007
High-power/Enrichment 350 010 0.20
Total 750 044 057

Table 2.5. Exhaust Emissions for P-Cars

From Table 2.5 it is apparent that if the enrichment mode were removed, the emission factors from other
sources like cold/hot starts and hot stabilized running would be only about 4.0 g/mi for CO, 0.34 g/mi for
HC, and 0.37 g/mi for NOx. These numbers are within FTP standards of 7.0, 0.4, and 0.7 g/mi for CO,
HC, and NOx respectively. When the enrichment mode is included, emission factors for CO reaches 7.5
g/mi and 0.44 g/mi for HC, al beyond FTP standards. By these estimates, the enrichment mode
contributes roughly 50% of CO, 20% of HC and 35% of NOx emissions. Table 3.5 also demonstrates that
roughly 39% of CO, 66% of HC, and 33% of NOx are from cold/hot start emissions.

Table 2.6 shows that the M-car emissions from stabilized running and high power operations dominate,
accounting for nearly 80% for CO and HC and 55% for NOx. The total emission rates reach about 60.0
g/mi for CO, 3.0 g/mi for HC and 4.0 g/mi for NOx, which are about 8 times those of P-cars for CO, 6
times for HC, and 7 times for NOx. Unlike the P-car, emissions from cold/hot starts contribute only about
20% of overall emissions.

Emission Factor s (g/mi) (6(0) HC NOx
Stabilized 25.6 2.0 2.0

Cold Start 85 0.4 0.3

Hot Start 4.0 0.1 0.6
High-power 20.5 0.2 13

Total 58.6 2.7 4.2

Table 2.6. Exhaust Emissions for M-Cars

As previously mentioned, D-cars mostly represent vehicles with mileage above 50,000 miles and
emission rates between 1 to 3-4 times of FTP standards. The D-car population is about 57% of the total.
This means that most in-use cars have deteriorated, but do not have malfunctioning emission control
systems. The exhaust emissions for D-cars are listed below:
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Emission Factors (g/mi) (6(0) HC NOx
Stabilized 421 043 054

Cold Start 363 036 019

Hot Start 094 009 019
High-power 473 005 053

Total 135 092 146

Table 2.7. Exhaust Emissions for D-Cars

It can be seen that D-car emission rates are much lower than those of M-cars, but about 80-100% larger
than those of P-cars for CO and HC, and 150% larger for NOx. This means that for a car whose mileage
has passed the manufacturer’s emission guarantee mileage of 50,000 miles, its CO and HC emissions are
most likely to be doubled and NOx emission more than doubled. Emission contributions spilt nearly
evenly from the stabilized running, cold/hot starts and high-power for CO and NOx. For HC, emissions
from the stabilized running and cold/hot starts dominate.

The estimation of real-world vehicle (R-Car) emissions are based on the average emissions of all vehicles
in the sample, and is given as:

R-car = 33%*P-car + 10%*M-car + 57%* D-car

Table 2.8 demonstrates that the average exhaust emission factors over a vehicle lifetime are
approximately 16 g/mi for CO, 0.9 g/mi for HC, and 1.4 g/mi for NOx. An average light duty vehicle will
emit roughly 2100 kg CO, 120 kg HC, and 190 kg NOx over itslifetime. For CO emissions, contributions
from high power operation, stabilized running and cold/hot starts are about the same, 30- 37% each. For
HC emission, contributions from stabilized running and cold start dominate with about 85% of total
emissions. For NOx emissions, contributions from stabilized running and high-power operation dominate
with about 75% of total emissions. This tells us that the hot-stabilized operation is the major emission
source for al pollutants, while high-power is a major source for CO and NOx emissions and cold start is
another major source for CO and HC emissions.

Emission Factor s (g/mi) (6(0) HC NOx

Stabilized 533 046 057
Cold Start 369 034 018
Hot Start 112 006 0.19

High-Power/Enrichment 590 0.08 0.50
Total Average (g/mi) 16.04 094 144

Table 2.8. Exhaust Emissions for R-Cars
The R-car emissions shown in the above table are substantially lower than those of the M-car’s, but close
to the D-car’s. For D-cars, the excessive emissions from the 10% population of M-Cars are roughly offset
by the lower emissions of the 33% population of P-cars.

Table 2.8 presents emissions based on modal emission components. Real world vehicle emissions can
also be presented based on contributions from each vehicle group, as shown in Table 2.9.
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Emission Factors (g/mi) CO HC NOx
P-Cars 248 015 019

D-Cars 770 052 083

M-Cars 586 027 042

Total Average (g/mi) 160 094 144

Table 2.9. Real-world Emissions by Vehicle Group

Table 2.9 tells us that most on-road emissions are from D-cars. The 10% vehicle population of M-cars
also contributes significantly, accounting for approximately 30% of total emissions. It is important to
point out that the 30% contribution from M-cars appears smaller than what has been suggested by other
studies (e.g., [Bishop et al., 1994; Stephens, 1992]). Thisis because our analysis included emissions from
al modes of operation, including cold/warm starts and high-power enrichment, instead of just the hot-
stabilized mode. When only hot-stabilized running emissions are concerned, the contribution from M-
cars approaches 50% for CO and 45% for HC.

2.3 EVALUATION OF CURRENT MODELSAND RECENT REVISIONS

In this section, we briefly review the modeling methodology of both EMFAC and MOBILE, and then
focus our analysis on the limitations of these models, with respect to this project’s modal emission model
development. The recent revisions (as of late 1995) of these models are then described.

2.3.1 Conventional Model Summary

CARB’'s EMFAC and US EPA’s MOBILE emission models use very similar methodologies to estimate
emission inventories. There are some minor differences between these two models, such as the definition
of emission regimes and how to estimate emissions associated with each regime, but the overall structure
is very similar (only the structure of EMFAC is described below). A large amount of effort is regularly
spent upgrading these emission-factor models. In their latest versions, MOBILE and EMFAC represent
fairly accurately the total emissions of average vehicles in average driving, for large regional areas. A
study has recently been performed that shows that remote sensing and other data for CO and HC
emissions is roughly consistent with MOBILESa predictions for 1993 cars [Ross et al., 1995]. There are,
however, fundamental limitations for specific modeling scenarios which cannot be overcome by
traditional marginal improvements.

California’s Motor Vehicle Emission Inventory (MVEI) Modeling Suite

The California Motor Vehicle Emission Inventory Model (MVEI) includes more than just EMFAC—it
consists of agroup of models, as shown in Figure 2.1.

The CALIMFAC model produces base emission rates for each model year when a vehicle is new and as
it accumulates mileage and the emission controls deteriorate. The WEIGHT model calculates the relative
weighting each model year should be given to the total inventory, and each year’'s accumulated mileage.
The EMFAC Model uses these pieces of information, along with correction factors and other data, to
produce fleet composite emission factors. Finally, the BURDEN model combines the emission factors
with county-specific activity data to produce an emission inventory [Madonado, 1991; Maldonado,
1992].
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Figure2.1. CARB’'sMVEI
CALIMFAC

A critical component of the MVEI modeling suite is CALIMFAC, which stands for CALifornia I/M
Emisson FACtor Mode. It caculates basic emission rates (BERs) for different /M
(Inspection/Maintenance) scenarios. Data from three testing programs are used for input data 1) a
surveillance program, 2) a random roadside program, and 3) an I/M evaluation program. CALIMFAC
tracks 14 distinct technology types based on the model year group, emission control technology, and fuel
delivery system. Data from vehicle manufacturers giving the relative sales by technology are used to
weight the base emission rates for each model year. When a vehicle is new, its emissions are relatively
small. This is called the zero mile rate. CALIMFAC determines the zero mile rate based on a standard
FTP measurement. As a vehicle ages, the emissions increase due to deterioration which is measured
every 10,000 miles. There are separate BERS for each vehicle class, technology, model year, pollutant,
process, and I/M program.

Vehicle Classes and Technology Groups

The MVEI modeling suite provides emission estimates for seven different vehicle classes and three
technology groups. The technology groups are non-catalyst (non-CAT), catalyst-equipped (CAT), and
diesel (DSL)-fueled vehicles. The vehicle classes, tech groups, and the abbreviations used are listed in
Table 2.10.

Abbreviation Tech Groups Vehicle Class

LDA Non-CAT, CAT, DSL Light Duty Auto

LDT Non-CAT, CAT, DSL Light Duty Truck

MDT Non-CAT, CAT, DSL Medium Duty Truck
HDGT Non-CAT, CAT Heavy Duty Gas Truck
HDDT DSL Heavy Duty Diesel Truck
UBD DSL Urban Transit Buses
MCY Non-CAT Motorcycles

Table 2.10. Vehicle Classesin EMFAC
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Correction Factors

The basic emission rates produced by CALIMFAC only reflect emissions from one set of driving
parameters: the FTP drive cycle, at a nominal 75 degree Fahrenheit ambient temperature. Correction
factors are then introduced to estimate emissions outside of these conditions. These correction factors
include: 1) Temperature Correction Factors (TCF), 2) Speed Correction Factor (SCF), 3) Fuel Correction
Factor (FCF), 4) Cycle Correction Factor, and 5) High Emitter Correction Factor. The last two correction
factors have been recently introduced in the 7G version of the model, described in greater detail in the
next section. Among these emission correction factors, the Speed Correction Factor is the most
controversial, also discussed in the next section.

EMFAC

EMFAC takes the BERs by model year from CALIMFAC together with various correction factors by
model year, and applies weights to the model year rates to produce composite fleet average emission
factors for each vehicle class and technology group.

MOBILE/EMFAC Limitations

Even though MOBILE and EMFAC have been constantly improved over the years, there are still some
fundamental drawbacks and limitations that are difficult to overcome through marginal improvements.
These limitations are inter-related and are outlined bel ow:

1) The Speed Correction Factors used to adjust emission rates are solely based on the average trip
speed, which statistically smooth the effect of accelerations and deceleration. The importance of
accelerations/declarations is grossly underestimated by the models. Studies have shown that a
single power acceleration can produce more CO than is emitted in the balance of atypical short (<
5 mi) trip [Groblicki, 1994]. Other events leading to high engine load can also produce high
emissions. For example, vehicles traveling on significant road grades can dramatically increase
emissions (see, e.g., [Cicero-Fernandez et al., 1995]), and because of the nature of the current
model inputs, grades are not taken into account. This raises doubts over the validity of the SCFs
methodology in assessing the impact of accelerations/declarations and grades on tailpipe
emissions.

2) Both MOBILE and EMFAC are built upon pure statistical approaches, thus they are not organized
according to the physical sources of emissions. This is problematic when applying the modelsto a
wide variety of scenarios. One example is that both models do not discriminate between different
makes/models of vehicles, e.g., the average emission difference between a GEO Metro and a
Cadillac. In a physical model, the entire emissions process can be broken down into different
components that correspond to physical phenomena associated with vehicle operation and
emissions production. Each component is then modeled as an analytical representation consisting
of various parameters that are characteristic of the process. These parameters vary according to the
vehicle type, engine, and emission technology, resulting in different average emission levels.

3)  Neither model is capable of predicting emissions at a microscale level. Regulatory requirements
apply both at a macroscale level (i.e., metropolitan area) and a microscale level (e.g., highway
project). Because of the inherent emissions and vehicle operation “averaging” that takes place in
the conventional emission models, they offer little help for evaluating traffic operational
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improvements that are more microscale in nature. State and federal air quality management plans
consist of numerous traffic control measures and more sophisticated inspection/maintenance
programs. Further, traffic flow improvements can be accomplished through the advent of
intelligent transportation systems. Operational improvements that improve traffic flow (e.g., ramp
metering, signal coordination, automated highway systems, etc.) cannot be evaluated accurately
with the conventional emissions models.

4)  These models can be misleading when forecasting future emissions. As mentioned earlier, they are
not adequately organized according to the physical sources of emissions, and out of necessity,
future scenarios are modeled with simplified assumptions. In our approach, we have constructed
more convincing scenarios by relating emission factors to categories of technology.

Tunnel Studies

Over the last severa years, several tunnel studies have been carried out providing data that can be used to
validate these conventional emission inventory models. Initially, as part of the 1987 Southern California
Air Quality Study (SCAQS), the Southwest Research Ingtitute (SwRI) conducted a study, sponsored by
the Coordinating Research Council (CRC), designed to obtain emissions factors in an on-road setting
[Lawson et a., 1990]. The experimental approach was to measure air pollutant concentrations into and
out of a roadway tunnel located in Van Nuys, CA. The carbon monoxide and hydrocarbon emissions
factors derived by this in-situ method were far higher than those predicted by EMFAC (version 7C at the
time). The average ratios of tunnel emissions factors to EMFAC7C emissions factors were: 1) 2.7 = 0.7
for CO; 2) 4.0 + 1.5 for HC; and 3) 1.0 = 0.2 for NOx (nitrogen oxides). These differences between
measured and modeled emissions rates raised substantial concern regarding the validity of the in-situ
measurement, the vehicle emissions modeling procedure, the model inputs, the current vehicle emissions
inventories, and automotive pollutant abatement strategies. Further work was undertaken to examine the
general nature of discrepancies between measurements and models with the conclusion that the SCAQS
Tunnel Study results were consistent with previous on-road experiments throughout the United States
showing CO/NOx and HC/NOXx ratios higher than dynamometer and model predictions. An additional
evaluation was made of motor vehicle emissions modeling issues and it was concluded that the
differences in the ratios of emitted species were due less to limitations in EMFAC and MOBILE than to
limitations in the database used to construct the model input.

Since then, there have been more recent studies performed in the Fort McHenry Tunnel (Baltimore),
Tuscarora Mountain Tunnel (Pennsylvania Turnpike), Cassiar Tunnel (Vancouver, BC), and Caldecott
(San Francisco Bay Area) [Pierson et al., 1994; Kirchstetter et al., 1994; Gertler et a., 1995]. Results of
these experiments were compared with emissions predicted by MOBLE and EMFAC. Results for the
Cassiar, Fort McHenry, and Tuscarora tunnels were reported generally within +/- 50% of the model
prediction. The discrepancies between the models and these recent tunnel studies are less, primarily due
to improvements in the emission factor models over the years.

RECENT REVISIONS

Revisonstothe EMFAC Modd

In mid-December of 1995, CARB re-introduced version 7G of EMFAC, with the following key
additions/changes:
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Refinement of starts and a redistribution of starts by vehicle age;

Maodification of the start emissions methodology with variable soak times;

Adjustments for high emitting vehicles;

Adjustments for real-world driving patterns; and

Incorporation of recent Enhanced Inspection and Maintenance Program results.

The first two items modify the existing cold/warm start emission methodology. The third item enlarges
the population of on-road gross-emitting vehicles. The fourth item modified the baseline LA4 Cycle-
based emission rates based on the LA92 Unified cycle, which includes a portion of high power
enrichment driving. The last item incorporates the impact of a new Enhanced Inspection and
Maintenance Program. EMFAC7G tends to give higher emission inventory estimates when applied to the
South Coast Air Basin. Compared to version 7F, HC emissions increase by 29% in 1990 and 5% in 2000.
For CO, the increase is 82% in year 1990 and 40% in year 2000. For NOx emissions, a 41% increase in
1990 and a 10% increase in 2000 has been predicted. EMFACYG is still based on the average trip speed,
thus the methodology of using speed correction factors (SCFs) is unchanged.

The New Start Emissions Methodology

The new start emissions methodology developed by CARB has three parts: 1) variable soak fractions, 2)
a new cold start emission factor methodology, and 3) variable soak time activity data. This new start
emissions methodology is used for light- and medium-duty gasoline vehicles only.

Variable soak fractions—Previously, vehicles were tested for start emission factors for two time
frames - after the engine had been turned off for 12 hours (cold start), and after the engine had
been completely warmed up, shut off and then restarted after a 10 minute soak period (hot start).
In 7G, emission factors are estimated for a variety of soak (engine-off) times. Vehicles were
tested on a special driving cycle varying only the soak time. The resultant data produced a
continuum of start soak fractions which are multiplied by the cold start (12 hour soak time)
emission factor.

Cold start emission factors—In previous model versions, the cold start emission factor was
calculated as the emissions difference between the cold start and the (speed-corrected) hot
stabilized modes of the FTP drive cycle. In 7G, the emissions from the entire FTP cold start bag
1 are multiplied by a start correction factor. The start correction factor adjusts the FTP bag 1
grams/mile to the grams from the first 100 seconds of bag 1 of the Unified Cycle. The first 100
seconds of a cold start are considered to be the significant cold start portion.

Starts activity data—Starts activity data, just as with the emission factors, were previously
estimated for two modes—cold start and hot start. A trip was counted as a cold start if the engine
was off for an hour or longer (for catalyst vehicles), otherwise, it was considered a hot start. The
number of cold start trips was multiplied by the 12-hour cold-start emission factor, while the
number of hot start trips was multiplied by the 10-minute hot start emission factor.
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Under the new start emissions methodology, 12 rather than 2 distinct soak periods have been defined.
This new soak activity distribution is combined with the corresponding cold start emission fractions and
the new cold start emissions methodology to estimate total start emissions. Data from the EPA’s
Instrumented Vehicle Study were used to develop the new start activity distribution. The emissions
impacts of the start emissions methodology changes on the total motor vehicle inventory in the SCAB for
HC, NOx, and CO, respectively are the following: -7%, -7%, -26% in 1990; and, -10%, -3%, and -24% in
2010.

High Emitter Adjustment

CARB tested vehicles from the Inspection and Maintenance (I/M) Pilot Project on the FTP cycle, and
their model year average emission rates were compared to the model year emission rates predicted in
EMFAC. The fleet of over 600 vehicles that were part of this project was chosen for high emitter
analysis because of the extremely high capture rate of the vehicles. The analysis showed that an emission
adjustment to the model was necessary. These adjustment factors, which are used in al calendar years,
apply to light- and medium-duty vehicles, both to running exhaust and start emissions. The emissions
impacts on the total motor vehicle inventory in the SOCAB for ROG, NOx, and CO, respectively are the
following: 15%, 13%, 65% in 1990; and, 6%, 1%, and 12% in 2010.

Cycle Correction

Although the emission rates based on the FTP are adjusted using speed correction factors, it is
recognized that al types of driving may not be properly represented in this manner. In 1992, the ARB
obtained data on real-world vehicle driving patterns in Southern California Analysis of the driving
patterns resulted in the development of the Unified Cycle. This one cycle was developed to represent all
driving patterns in the same proportions which actually occur on the road. The Unified Cycle serves as
the basis of adjustment factors referred to as Cycle Correction Factors. These factors are multiplied by
the emission factor that is based on the FTP and the SCF cycles. The affected vehicle classes are light-
and medium-duty gasoline vehicles. The emissions impacts on the total motor vehicle inventory in the
SCAB for HC, NOx, and CO, respectively are the following: 12%, 19%, 43% in 1990; and, 4%, 18%,
and 41% in 2010.

Revisionsto the MOBILE Model

Since the release of “Highway Vehicle Emission Estimates’ in July 1992, the EPA has extensively
revised the model used to estimate average in-use emission factors for highway vehicles. The most
significant changes are:

Updated Basic Emission Rates—The BER equations describe emissions as a function of
increasing mileage, for properly maintained non-tampered vehicles. Historically, data used to
develop basic emission rates have been collected primarily through mail solicitation of owners
selected from vehicle registration lists. In the last severa years, EPA has expanded the data
collection to include data from centralized inspection and maintenance program lanes, such asin
Hammond, IN, Chicago Heights, IL and Mesa, AZ. The most significant difference was an
increase in estimated deterioration rates. These changes in the basic emission rates, when
tranglated to changes in average fleetwide in-use emissions as estimated by the model, resulted in
increases on the order of 20 to 30 percent for all three pollutants.

Revision to Speed Correction Factors—The speed correction factors in the model are devel oped
for three bands of average speeds: “low” speeds, defined as average trip speeds under 19.6 mph
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down to 2.5 mph; “mid-range” speeds, from 19.6 to 48 mph; and “high” speeds, from 48 to 65
mph. The SCFs for mid-range and high average speeds applicable to light-duty vehicles and
light-duty trucks were revised.

Fleet Characterization Data—EPA updated both the registration distributions by age and the
annual mileage accumulation rates by age. The registration distribution data in MOBILESa are
based on the national fleet for calendar year 1990. The annual mileage accumulation rates have
been adjusted upward by about 10%. Relative to the values used in MOBILEA4, the fleet of in-use
vehicles is older on average, and the vehicles of all types and ages are driven more miles than
before. The net effect of both of these changes is to further increase the average in-use emission
factors calculated for any given set of conditions.

There are also revisions being made in other areas, such as evaporative emission estimates and fuel
effects. All of these have resulted in an increase in estimated emission factors.

MOBILEG6 Plans

The US EPA has recently initiated the development of MOBILES, the next major revision to EPA’s
highway vehicle emission factor model. Revisionsin MOBILEG center on:

General update of some underlying data: To further update the basic emission rate equations.

Effects of temperature and fuel volatility on exhaust emissions: To revise the “high temperature
and fuel volatility” exhaust emission correction factors.

Evaporative emissions under “real world” conditions: The evaporative emission factors for
diurnal and hot soak emissions will be updated.

Inspection and maintenance (I/M) program modeling: To be able to assess the likely impacts of
various “hybrid” I/M program options.

Trip characteristics data: To characterize the “averagetrip” with new data.

Fuels: To assess the impacts of various fuels on vehicle emissions.
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3 Vehicle Testing

Based on the background information described in the previous chapter, we have designed a vehicle
testing methodology that has provided data for developing the comprehensive modal emissions model.
This vehicle testing methodology consists of several key components:

1) Defining the vehicle/technol ogy categories that make up the modal emissions model;

2) Using the vehicle/technology categories for guidance, determining a vehicle recruitment
strategy; and
3) Developing a dynamometer test procedure for the measurement of modal emissions.

These three components are described in the first three sections of this chapter. The fourth section
describes the emissions testing that was performed. The last section of this chapter describes the data pre-
processing that took place.

31 VEHICLE/TECHNOLOGY CATEGORIZATION

The conventional emission inventory models (California Air Resources Board's EMFAC and US EPA’s
MOBILE) are based on bag emissions data (FTP) collected from certification tests (using new car
exhaust emission standards), surveillance programs, and inspection/maintenance programs. These large
sets of emissions data provide the basis for the conventional emission inventory models. These
conventional models aggregate vehicles into afew general classes (e.g., light-duty gas vehicles, light duty
diesdl vehicles, light duty trucks, etc.) which are then indexed by model year.

In developing a modal emission model using a physical 1oad-based approach, we chose not to base the
model on these “bag” data. Instead, it was determined that it was necessary to collect second-by-second
emissions data from a sample of vehicles to build a model that predicts emissions for the national fleet.
The choice of vehicles for this sampleis crucial, since only a small sample (approximately 340 vehicles)
was used as the basis for the model.

Because the eventual output of the model is emissions, the vehicle/technology categories have been
chosen based on a vehicle's emissions contribution, as opposed to a vehicle's actual population in the
national fleet. Recent results from both remote sensing and surveillance studies have shown that a small
population of vehicles contributes a substantial fraction of the total emissions inventory. With this
approach, more emphasis is put on high emitters than if based strictly on population numbers. High
emitting vehicles are not well understood, however the data and models developed in this project have
gone along way in improving our understanding of these vehicles.

In order to guide the vehicle recruitment and testing process, we have determined a vehicle/technology
category set primarily driven by total emissions contribution. Early on in this study, we analyzed existing
remote sensing and surveillance data to help establish the category set, as well as to determine the
appropriate sample size in each category. A summary of these analysesis given below.

311 RemoteSensing Analysis
Remote sensing studies have shown that a small proportion of the vehicles studied have accounted for a

large percentage of the total emissions observed. Bishop et al. [Bishop et al., 1994] found that 5% of the
vehicles accounted for 50% of the total emissions while McAlinden [McAlinden, 1994] observed that
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10% of the vehicles produced 60% of the emissions. Another study estimated that a single car emitting
7% CO produces 50 times more CO per mile than a vehicle in good tune emitting 0.5% CO [Lawson,
1992]. A more detailed analysis by Zhang and Stedman compared vehicle emissions between 22 fleet
profiles gathered by remote sensing from around the world. For Denver, Zhang et a found that 20% of
the fleet contributed 82% of the total CO emissions.

Remote sensing studies are a vauable source of data in that they represent a snapshot of a large,
relatively random sample of the current vehicle fleet. There are several limitations with the older remote
sensing datasets, however: only the CO emission measurements are reliable; no information on vehicle
mileage or power to weight ratio are available; and problems have been noted with the decoder used to
extract vehicle characteristics (such as type of catalyst and fuel system) from the vehicle identification
numbers (VINSs) of individual vehicles. Also, remote sensing typically does not measure vehicles during
high-power episodes or during the cold-start mode of operation.

As part of an earlier study, we obtained a dataset of remote sensor readings from over 90,000 vehicles at
various locations in Northern and Southern California, collected by the University of Denver for CARB
in 1991 [CARB, 1994]. We grouped the vehicles into several categories of interest, and calculated
average CO exhaust concentration rates. We used these data to construct average CO emission rates for
candidate vehicle technology groups.

3.1.2 Surveillance Data Analysis

The California Air Resources Board regularly conducts dynamometer testing of in-use vehicles under its
Light Duty Vehicle Surveillance Program (LDVSP). In our early analysis, we used data from the 1992
LDVSP-12 survey. The vehicles tested in this survey were randomly selected by stratified random
sampling on vehicle model year from the South Coast Air Basin in Southern California, and brought in
for testing. There are several benefits of using this data source: the vehicles were tested in the condition
they were received, rather than after adjustments or repairs were made that might reduce emissions; there
is extensive and accurate data on the characteristics of each vehicle, including odometer reading; and the
vehicles are subject to dynamometer testing, which provides a more accurate and in-depth picture of their
in-use emissions. In addition, the vehicles in LDV SP-12 were tested on CARB’s UNIFIED Cycle, which
was designed to be more representative of real world driving behavior than the FTP. The only limitations
with the LDV SP data are that the sample size is small (only 165 cars and light duty trucks), and that no
vehicles prior to MY 83 were tested. The average CO emissions from Bag 2 of the UNIFIED Cycle, in
grams per mile, are shown in Table 3.1. In this table, several candidate vehicle/technology categories are
listed.

Vehicle Type Emissions Distribution

CARS # Vehicles within class % of total avg. CO
2-way/3-way catalyst equipped 23 29% 21% 194
3-way cat, carbureted 18 24% 17% 20.4
3-way F.l., over 50K miles 51 34% 24% 10.2*
3-way F.I.,under 50K miles 33 13% 10% 6.2
TOTAL 125 100% 72% 12.3
TRUCKS

2-way/3-way catalyst equipped 4 15% 4% 22.6
3-way cat, carbureted 7 19% 5% 16.7 **
3-way F.l., over 50K miles 20 57% 16% 17.0
3-way F.1., under 50K miles 9 9% 3% 6.0
TOTAL 40 100% 28% 15.0

* Excludes one MY 85 limousine with 162 gpm CO

** Excludes one truck with 466 gpm CO

Table 3.1. Emissions contributions by technology type for CARB LDV SP-12.
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To estimate the contribution of the highest emitting 20% of the vehicles, the UNIFIED Cycle Bag 2 CO
data were split into three groups by vehicle model year for comparison. Three age groups were chosen
because roughly 50 vehicles were needed in each age group to alow for a reasonable number of vehicles
in each quintile. The age groups were 83-86, 87-88, and 89-92, with 61, 56, and 48 vehicles respectively.
It should be noted that the quintile groupings are not exact because the number of vehicles in each
quintile was not exactly the same because of the sample size. The quintile mean CO, NOx, and HC data
were plotted as well as the population emissions percentage within each age group (Figures 3.1a, and
3.1b for CO, 3.1c and 3.1d for NOx, and 3.1e and 3.1f for HC). From these plots it can be seen that the
highest emitting 20% of each model year group account for about 60% of the total emissions for the

group.

The remote sensing data and the CARB real-world vehicle testing results differ somewhat in estimates of
just what proportion of the vehicles produce what percentage of the emissions. However, both make it
clear that understanding the emissions behavior of the high emitting vehicles is critical in modeling of
vehicle emissions from the on-road vehicle population. In addition to higher total emissions, the variance
of the emissions from the high emitting portion of the population is much higher than the rest of the
population. For example, the vehicle to vehicle variance in the UNIFIED cycle CO emissions of the
highest emitting quintile was about 20 times that of the next highest emitting quintile. Thus, from a
statistical sample allocation perspective, it is aso important to assign more of the sample to the more
variable high emitting portion of the population.

Table 3.2 shows several candidate vehicle/technology categories that were chosen early on with the data
used to estimate the sample sizes. The technology-weighted travel fractions were obtained from
MOBILE5a. The travel fraction for a given model year was multiplied by the distribution of fuel system
and catalyst technologies for that model year. The results for each technology category were summed to
obtain the travel fraction for each technology over the 25-year modeling period (MY 1976 to MY 2000).
With the exception of the introduction of two-way oxidation catalysts in MY 75, the shift to new fuel
system and catalyst technologies occurred gradually over several years.

In order to estimate the emissions contribution of each vehicle/technology group, MOBILESa travel
fractions from the year 2000 were used in conjunction with the estimated emission rates from the
LDV SP-12 data. The fleet proportions for the year 2000 were used to balance the model data collection
to the intended time for its use. Categories with less than 10 vehicles were adjusted up to ten vehiclesin
order to keep minimum sample size at least 5 for all vehicle/technol ogy/malfunction groups.

Table 3.2 uses the average emission rates from the LDV SP-12 for the two three-way catalyst groupings.
Because the LDV SP-12 dataset contained predominately vehicles with three-way catalysts, emission
rates for the no catalyst and two-way catalyst groups were estimated based on the ratio of average CO
concentration from these groups to that of carbureted, three-way catalyst cars, as measured in the remote
sensing data. Based on the remote sensing data, the average CO emission rate for cars without catalystsis
roughly 2 times, and that for cars with two-way catalysts roughly 1.5 times, that of carbureted cars with
three-way catalysts.
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Figure 3.1. ) Mean Bag 2 CO by vehicle age group divided into quintiles,
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Percent of Total Bag 2 NOx Emissions within Y ear divided into quintiles ) Mean Bag 2 HC by vehicle age group

and f) Percent of Total Bag 2 HC Emissions within Y ear divided into quintiles.

divided into quintiles
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Vehicles Emission Technology Score Adjusted Sample
Rate Weighted (ExM) Sample Size Split
Travel Fraction (normal /
high emitting)

No Catalyst 40* .000 .00 10 51.5

2-way Catalyst 30** .001 37 10 5/.5

3-way Catalyst, 204 .051 1.03 22 515

Carbureted

3-way Catalyst, FI, 10.2 38 5.5

>50K miles, Low

P/W ratio

3-way Catalyst, FI, 10.2 485 4.95 38 5.5

>50K miles, Med.

P/W ratio

3-way Catalyst, FI, 10.2 38 5.5

>50K miles, High

P/W ratio

3-way Catalyst, FI, 6.2 23 .8/.2

<50K miles, Low

P/W ratio

3-way Catalyst, FI, 6.2 452 2.80 23 .8/.2

<50K miles, Med.

P/W ratio

3-way Catalyst, FI, 6.2 23 .8/.2

<50K miles, High

P/W ratio

Auto Total 225

Light Duty Truck, 16.7 13 51.5

Carbureted

Light Duty Truck, 13.6 63 8/.2

Fuel Injection

Truck Total 75

* Calculated as 2 times the 3-way Carbureted emissions rate based on Remote Sensing Proportions
** Calculated as 1.5 times the 3-way Carbureted emissions rate based on Remote Sensing Proportions

Table 3.2. Vehicle Selection Matrix.
3.1.3 Final Vehicle/Technology Categorization for Recruitment and Testing

The vehicle/technology candidate categories underwent several iterations early on in the project.
Increased importance was placed on a vehicle's certification standard, in particular, whether a vehicle
was a Tier 1 certified vehicle (MY 94 on) or a“Tier 0" certified vehicle (non Tier 1 certified). The Tier 1
standards for cars and trucks are shown in Table 3.3. The standards for cars were phased in over a three-
year period; 40% of 1994 cars sold met the standards, while all 1996 cars must meet the standards. The
last previous change in federal car emissions standards occurred in 1981.

The final vehicle/technology categories used for vehicle recruitment and testing are shown in Table 3.4.
There were atotal of 24 categories, based on fuel and emission control technology, accumulated mileage,
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power to weight ratio, emission certification level, and emitter level category”.

New Car Standards,

Standards Phase-1n Schedule,

Vehicle grams per mile M odel Year
Type Emissions Standard HC NMHC CO NOx | 1993 1994 1995 1996 1997
LDVs (0-6,000 GVW)
Cars  0-3,750 LVW

CA 041 0.39 7.0 04 | 100% 60% 20%

Federal Tier O 0.41 34 10 | 100% 60%  20%

Federal Tier 1 0.25 34 0.4 40% 80% 100% 100%
Trucks LDT1: 0-3,750 LVW

CA 041 0.39 9.0 04 | 100% 60% 20%

Federal Tier O 0.80 10.0 12 | 100% 60%  20%

Federal Tier 1 0.25 34 0.4 40% 80% 100% 100%

LDT2: 3,751-5750 LVW

CA 050 0.50 9.0 10 | 100% 60%  20%

Federal Tier O 0.80 10.0 17 | 100% 60%  20%

Federal Tier 1 0.32 4.4 0.7 40% 80% 100% 100%
LDTs (6,001-8,500 GVW)

LDT3: 3,751-5,750 ALVW

CA 050 050 9.0 1.0 | 100% 100% 100% 50%

Federal Tier O 0.80 10.0 17 | 100% 100% 100% 50%

Federal Tier 1 0.32 44 0.7 50%  100%

LDT4: Over 5,750 ALVW

CA 060 0.60 9.0 15 | 100% 100% 100% 50%

Federal Tier O 0.80 10.0 17 | 100% 100% 100% 50%

Federal Tier 1 0.39 5.0 11 50%  100%

Notes:

* Standards for cars and LDT1s are identical
* 50,000 mile standards for LDT2 and LDT3 are identical; however, higher mileage standards differ slightly

* GVW = gross vehicle weight

* curb weight = unloaded weight
* LVW = loaded vehicle weight, or test weight (curb weight + 300 Ibs)

*« ALVW = adjusted LVW, (GVW + curb weight) / 2

Table 3.3. Vehicle Emissions Standards and Phase-Ins

In this table, it can be seen that the Tier 0, 3-way catalyst, fuel-injected (FI) cars, as well as the Tier 1
cars, are divided into subgroups based on power/weight ratio and mileage, since these vehicle categories
will dominate future emissions. Power/weight ratio was chosen as a discriminating variable since it plays
a large role in the on set of enrichment emissions. The dividing point between low power/weight and

*

Note that these 24 vehicle/technology categories used for recruitment are dlightly different than the

vehicle/technology categories used for modeling (atotal of 26 categories, see Chapter 4). The main difference liesin
the high emitters. Because many of the high emitting vehicles had disparate emission results when categorized by
technology group, the high emitting vehicles were re-categorized into groups with similar emission characteristics.
Grouping high emitters by emission profiles produced much more homogeneous groups than grouping by technology
category. The modeling vehicle/technology categories are given in Table 4.1 and are described in detail in Chapter 4.
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high power/weight was set at 0.039 hp/lb. for the 3-way catalyst, FI groups and at 0.042 hp/lb. for the
Tier 1 cars. Different limits were selected to reflect the increase in vehicle power to weight ratios during
the time these cars were available (see [Murrell et al, 1993]).

Vehicle Technology Category Number Tested
(Recruitment Tar gets)
Cars nor mal-emitting ‘ high-emitting
No Catalyst 5
2-way Catalyst 10
3-way Catalyst, Carbureted 5 10
3-way Catalyst, Fl, >50K miles, low power/weight 15
3-way Catalyst, FI, >50K miles, high power/weight 15 25
3-way Catalyst, Fl, <50K miles, low power/weight 15
3-way Catalyst, FI, <50K miles, high power/weight 15
Tier 1, >50K miles, low power/weight 15
Tier 1, >50K miles, high power/weight 15 5
Tier 1, <50K miles, low power/weight 15
Tier 1, <50K miles, high power/weight 15
Total Cars 125 55
Trucks nor mal-emitting high-emitting
Pre-1979 (<=8500 GVW) 5
1979 to 1983 (<=8500 GVW) 10
1984 to 1987 (<=8500 GVW) 7 8
1988 to 1993, <=3750 LVW 15 25
1988 to 1993, >3750 LVW 15
Tier 1 LDT2/3 (3751-5750 LVW or Alt. LVW) 15 5
Tier 1 LDT4 (6001-8500 GVW, >5750 Alt. LVW) 15
Total Trucks 67 53

Table 3.4. Final Vehicle/Technology Categories used for Phase 2 recruitment and testing, shown with recruitment
targets.

Unlike emissions standards for cars, the federal truck emissions standards have changed several times
since 1981. These changes were substantial for all three pollutants, reducing the allowable emissions of
each by almost one-half. As the emissions standards changed, so did the classification of trucks by
weight; the Tier 1 standards include four separate light-duty truck standards, based on a combination of
gross vehicle weight (GVW, which includes maximum payload) and loaded vehicle weight (LVW, or test
weight, which is the empty or “curb” weight plus 300 Ibs.)*. Since the Tier 1 LDT1 standards are
identical to those for cars, these trucks (up to 3,750 GVW) are included in the car Tier 1 categories. The
LDT2 and LDT3 standards are nearly identical, so these categories also are combined.

* Although the pre-1979 truck standards apply only to trucks up to 6,000 Ibs. GVW, we expanded this technology
group to include trucks up to 8,500 Ibs. GVW, since most of the pre-79 trucks still in use exceed 6,000 Ibs. GVW.
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During the course of vehicle testing, the recruitment targets for high-emitting Tier 1 vehicles were
revised downward (from 15 to 5 each for cars and trucks), due to the difficulty of obtaining these type of
vehicles.

Towards the end of the project (i.e., Phase 4), it was determined that additional vehicle/technology
categories should be incorporated into the model, in order to better estimate emission inventories into
future years. We analyzed the high-growth vehicle markets which were not given enough emphasis
during the initial categorization in Phase 1 (carried out in 1996). A total of four additional groups have
been identified for testing and modeling:

Gas-powered LDTs, >8500 GVW

Both gasoline and diesel light duty trucks in the heavier categories (e.g., greater than 8500 Ibs. gross
vehicle weight) have experienced tremendous growth in the last few years. None of these type of vehicles
were tested in Phase 3. This category was added in Phase 4.

Diesel-powered LDTs, >8500 GVW

During the previous Phase 3 testing, there weren’'t any diesel-powered vehicles tested. As an initia
formation of a diesel modal model, we added a category for light duty trucks greater than 8500 Ibs. gross
vehicle weight. It is important to note that it is a major undertaking to develop a complete diesel modal
emission model. Only a preliminary diesel modal model has been developed which hopefully can be
developed more fully in the future.

Tier 1, High Mileage (>100K miles) Vehicles

During the Phase 3 testing, it was nearly impossible to find high mileage Tier 1 vehicles, because of the
recent introduction of the Tier 1 standards when the testing was performed. There simply hasn’t been
enough elapsed time to find those type of vehicles with high mileage. As a result, several Tier 1 high
mileage (>100,000 accumul ated miles) vehicles were tested in Phase 4, making up this new category.

1995-1999 High Emitting Vehicles

During Phase 3 testing, it was extremely difficult to recruit and test high-emitting, newer vehicles (MY
1995 on). As a result, the high emitting categories developed in Phase 2 did not include these newer
vehicles. During Phase 4, additional recent model year (MY 1995 on) vehicles that are high emitters were
tested. These vehicles were included in the established high emitter categories.

3.2 TEST VEHICLE RECRUITMENT PROCEDURE

Given the recruitment targets set forth in Table 3.4, vehicles were recruited throughout California’s
South Coast Air Basin, with a small subset brought in from other states. Particular care was given to
target 49-state certified vehicles as well as California certified vehicles, as discussed below. To prevent
bias and to ensure the broad applicability of the testing results, to the best extent possible, vehicles were
sampled randomly within each vehicle/technology category of Table 3.4. It was particularly challenging
recruiting high-emitting vehicles and 49-state vehicles, so several additional databases were used to assist
in the recruitment:

. DMV Database—California’s Department of Motor Vehicles provided a database of local vehicle
registrations, and gave permission to use the database for research purposes. This database
provides license plate numbers, vehicle identification numbers (VINS), and driver information
(e.g., address).
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. High Emitter List—In order to identify late model vehicles that tend to be high emitters, we have
developed a database of average failure rates by vehicle model. Over 300,000 vehicle test results
have been analyzed from the 1995 Arizona I/M program to calculate average IM240 emissions and
failure rates by specific enginesin MY 90-95 car models. The analysis was restricted to models for
which there were at least 100 individual cars tested. Eleven models from MY 90-93 have HC failure
rates over 10% within 50,000 miles (fewer models have similarly high failure rates for CO or
NOx). For most of these models, failure rates tend to increase with increasing mileage. The
Arizona dataset has fewer MY 94-95 models, and the cars have lower mileages; however, we were
able to identify three models with afailure rate of at least 5% for at least one of the three pollutants
(for MY 94-95).

At the beginning of the testing phase, the mgjority of vehicles were randomly selected by telephone
solicitation in Southern California. However, as individual categories in the recruitment matrix were
filled, we used avariety of recruitment approaches, discussed below, to fill out the rest of the matrix.

Backup vehicles for use when scheduled vehicles could not be tested were randomly selected from small
vehicle fleets (university employees, students, alumni, church groups, vehicles listed for sale etc.), rather
than from the general Southern California vehicle population. This was done because severa randomly
selected vehicles were brought in late by the owners, then failed a preliminary safety inspection. This
required bringing in backup vehicles on short notice to keep the testing on schedule.

3.2.1 High Emitting Vehicle Identification

The recruitment of suspected high-emitting vehicles was the most problematic. For this recruitment, the
following strategies were used:

. Remote Sensing: Using a remote sensing van, a set of remote sensing measurements was made in
the local area. Vehicles that had multiple high measurements were identified by license plate. The
license plate data were then matched up with the DMV database in order to get the make and
model of vehicle, as well as the address of the owner. Solicitation letters were then sent out to
those targeted owners.

. Local Car Dealers. Severa local car dealerships in the area were asked to inform customers who
bring their vehicles in for emissions-related repairs about our study. Prior to having their vehicle
fixed by the dealer, some vehicles were recruited for testing. It was hoped that this source would
provide us with some newer model year vehicles with high emissions; however only limited
success was achieved.

. Local Rental Agencies and Used Car Dealers. Local car rental agencies and used car dealers
were also contacted to identify high mileage vehicles. Candidate vehicles were brought to the
testing site and driven past a remote sensing van. Vehicles that had multiple high remote sensing
readings were selected for testing.

. High Emitter List: Using the Arizona I/M database of vehicle models with high average failure
rates, a subset of the local DMV database of potential high emitting vehicle models was produced.
Specific vehicles were then selected randomly from this list. Solicitation letters were sent out to the
vehicle owners requesting their participation in the study. The owners would bring their vehicles to
the testing site, where they were driven past the remote sensing van. If they had consistently high
emissions, they were selected for testing.
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In general, the most successful high emitting recruitment strategies were using local rental agencies/used
car deders and the high emitter list. Screening the vehicles with the remote sensing van allowed us to
select the cars most likely to be high emitters for further testing.

3.2.2 49-State Vehicle ldentification

There are differences between California and 49-state certification levels for many of the
vehicle/technology groups. California and federal standards are different for all car groups except the No
Catalyst and the Tier 1 technology groups. For the trucks, the differences apply to all groups except the
Pre-1979 and the Tier 1 groups.

During recruitment, vehicle owners were asked the state of origin of their vehicles; however many
owners of used vehicles do not know the status of the vehicles. The differences in emission control
technology between 49-state and California certified vehicles varies by year and manufacturer and in
some cases can determine vehicle/technology category. For example, with some manufacturers the three-
way catalyst was introduced earlier in the California certified vehicles. In this case vehicles of identical
year, make, and model would be split between our two-way and three-way catalyst groups depending on
state of certification.

The DMV database contains limited information on whether a vehicle is 49-state or California certified.
In the entire subset list generated from the DMV database, an effort was made to also select a good
sample of 49-state vehicles when possible. The certification of individual vehicles could only be
determined once the vehicle was brought in for testing by looking at the emissions label under the vehicle
hood. Approximately 12% of all vehicles tested (18% in categories where differences exist) were 49-state
vehicles.

3.2.3 Recruitment Incentive

A varying cash incentive was used to recruit vehicles for testing. Owners of vehicles that were more
difficult to recruit generally were given a higher cash incentive. The incentives ranged from nothing to
$400, with an average between $150 and $200 per vehicle.

3.3 VEHICLE RECRUITMENT RESULTS

After vehicles were recruited for testing, they underwent an inspection to determine if they were safe to
test. During Phase 2, atotal of 415 vehicles were recruited. Out of these 415 vehicles, 89 did not pass the
initial safety inspection and were rejected. During Phase 4, a total of 41 additional vehicles were
recruited. Out of these vehicles, 11 did not pass the safety inspection and were rejected. The primary
reason for failure was due to leaks in the vehicle's exhaust system. Because the recruited vehicles are
tested in a closed chamber with a driver present, major exhaust leaks cannot be tolerated. Other reasons
for rejections include bald tires, bad brakes, major leaks in the oil and radiator systems, etc. The owners
of the rejected vehicles were told about the problems with their vehicles; a small percentage made repairs
and brought their vehicles back for testing.

3.3.1 High Emitter Cutpoints

After the vehicles were tested, they were categorized as normal- or high-emitting based on their bag
emissions values for the FTP cycle. A variety of cut-point definitions for high-emitting vehicles,
proposed by severa researchers, were reviewed. These emission cut-points are summarized in Table 3.5.

For this study, high-emitting Tier O vehicles were defined to be those vehicles having FTP emissions in
excess of two times the corresponding FTP standard for CO or HC, or 4 times the corresponding FTP
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standard for NOx. For Tier 1 vehicles, high-emitting vehicles have FTP emissions in excess of 1.5 times
the standard for any pollutant. These cutpoints are in-line with other researchers definitions of high
(rather than very high or super) emitters.

Emission Normal Moderate High Very High Super
Model/Study
ARB CO 1Ix** CO 1-2x CO 2-6x CO 6-10x CO >10x
CALIMFAC HC 1x HC 1-2x HC 2-5x HC 5-9x HC >9x
NOx 1x NOx 1-2x NOx 2-3x NOx 3-4x NOx >4x
ARB CO 1x CO 1-2x CO 2-6x CO 6-10x CO >10x
EMFAC7G HC 1x HC 1-2x HC 2-5x HC 5-9x HC >9x
NOx 1x NOx 1-2x NOx 2-3x NOx 3-4x NOx >4x
USEPA CO <=3x CO >3x CO >4x CO >150 gpm
MOBILE HC <=2x HC >2x HC >4x HC >10 gpm
ARB CO < 3x CO >3x
LDVSP12
Anet al. (1995) CO 1x CO 1-3.2x CO >3.2x
Life Cycle HC 1x HC 1-4.3x HC >4.3x
NOx 1x NOx 1-2.6x NOXx >2.6x
Remote Sensing | RSD CO < 4% RSD CO > 4%
or 5% across or 5% across
all moddl years all moddl years
BAR High IM240 CO IM240 CO
Emitting Profile | <2xFTP gpm >2xFTP gpm
NCHRP Tier O CO <2x CO >2x
HC <2x HC >2x
NOx <4x NOx >4x
NCHRP Tier 1 CO <1.5x CO >1.5x
HC <1.5x HC > 1.5x
NOx <1.5x NOx > 1.5x

** All numbers expressed in multiples of the Model Year FTP standard unless noted otherwise.

Table 3.5. Cut points used in high-emitting vehicle identification.
3.3.2 Final Category Numbers

After a particular vehicle was tested, it was placed in the appropriate category in the vehicle/technology
matrix. If a suspected high emitting vehicle turned out to be normal emitting, it was put in a normal
emitting category. Conversely, if a suspected normal emitting vehicle turned out to be high emitting, it
was moved to the appropriate high emitting category. Because of these types of shifts, it was difficult to
fulfill the target recruitment numbers exactly.

Further, the odometer readings and power to weight ratios are not confirmed for each vehicle until the
vehicle was brought in for testing. Therefore, if the maximum power value or odometer turned out to be
different than what was known at the time of recruitment, the vehicle' s location in the vehicle/technology
matrix changed.

Thefinal categorization of all vehiclestested in Phase 2 is given in Table 3.6. Comparing to Table 3.4, it
can be seen that we came close to the initial targetsin amost all of the cases. However, there are some
categories that have many more vehicles than targeted. In any case, this vehicle distribution has proved to
be more than adequate for modeling purposes.
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A total of 357 vehicle tests were performed in this project (both in Phase 2 and 4). Out of these 357 tests,
a total of 343 tests had valid, usable data which were used in developing the comprehensive modal
emission model.

3.3.3 High Emitting Vehicles

Out of the 343 total valid vehicle tests, 107 vehicles, or 31% of the tested fleet, were high-emitters. This
is by far the largest database of second-by-second, tailpipe and engine-out emissions of high-emitting
vehicles assembled to date.

3.34 49-State Vehicles

Out of the 343 total valid vehicle tests, 37 vehicles were 49-state emission certified vehicles. This
represents 11% of the fleet. When considering only the categories where differences exist, 19% of the
fleet were 49-state emission certified vehicles.

Vehicle Technology Category Number of Vehicles Tested
Cars nor mal-emitting high-emitting

No Catalyst 8

2-way Catalyst 13

3-way Catalyst, Carbureted 5 11

3-way Catalyst, Fl, >50K miles, low power/weight 23

3-way Catalyst, FI, >50K miles, high power/weight 17 24

3-way Catalyst, Fl, <50K miles, low power/weight 18

3-way Catalyst, FI, <50K miles, high power/weight 8

Tier 1, >50K miles, low power/weight 12

Tier 1, >50K miles, high power/weight 12 12

Tier 1, <50K miles, low power/weight 16

Tier 1, <50K miles, high power/weight 19

Tier 1, >100K miles 6

Total Cars 136 68
Trucks nor mal-emitting high-emitting

Pre-1979 (<=8500 GVW) 6

1979 to 1983 (<=8500 GVW) 8

1984 to 1987 (<=8500 GVW) 11 10

1988 to 1993, <=3750 LVW 25 17

1988 to 1993, >3750 LVW 11

Tier 1 LDT2/3 (3751-5750 LVW or Alt. LVW) 16 5

Tier 1 LDT4 (6001-8500 GVW, >5750 Alt. LVW) 14

gasoline-powered LDT (>8500 GVW) 9

diesel-powered LDT (>8500 GVW) 8

Total Trucks 94 46

Table 3.6. Vehicle/Technology categories with tested vehicle distribution.
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3.35 Repeat Vehicles

Of the 343-vehicle fleet, six of the vehicles had repeat tests performed. These vehicles were tested at
different times during the testing period, and were valuable in tracking vehicle emissions variability and
any influence of time.

34 VEHICLE TESTING PROCEDURE

During the early stages of the project, a vehicle testing procedure was developed and applied to the
recruited vehicles. This vehicle testing procedure includes the following test cycles:

1) A complete 3-bag FTP test;
2) A high-speed cycle (US06);
3) A modal emission cycle (MECOL) developed by the research team.

A complete FTP test is necessary for two reasons. First, it is the standard certification testing procedure,
and provides baseline information about a vehicle's emissions which can be used as a reference to
compare with existing tests of other vehicles. Second, FTP Bags 1 and 3 provide information on catalyst
efficiency and light-off time during cold and warm starts, which are important components of the model.
The primary reason for including the US06 in our test protocol isthat EPA is planning to use the US06 as
an additional Bag 4 in the supplemental FTP test. In the testing, the FTP driving cycle provides important
information on the stoichiometric regime of driving. The US06, on the other hand, specifically targets
high emission, non-FTP operation that is characteristic of modern driving patterns. The US06 velocity
traceis shown in Figure 3.2.

Even though the US06 cycle was designed to cover off-cycle driving events, it is still not a “modal”
emission cycle, i.e., it doesn’t provide clear-cut modal emission results; i.e., emissions that can easily be
matched to specified speeds, accelerations, or power rates. In order to capture specific modal emission
events, we designed a specific modal emissions cycle, the MECO01. The MECO1, described in detail in
Section 3.4.2, was developed and iteratively refined during the early stages of the testing phase. During
the course of testing, the MECO1 cycle was sightly modified twice. In this project, we primarily used the
FTP and MECO1 data for the modal model development and the US06 data as a validation cycle.

34.1 Testing Sequence

Several protocols were evaluated during the initial emission testing conducted in the testing phase. For
example, a two-step testing sequence was initially used. This consisted of first measuring dilute tailpipe
emission rates, followed by a repeat of the same test but time configured to measure catalyst efficiencies.
After an initial analysis of these data, it was determined that operating the test procedure as a two-step
process did not provide data that were well suited for model development. In addition, there was too
much variability in the modal emission data that the two runs could not be correlated to the degree of
accuracy needed for the model. The emission measurement system was then configured to
simultaneously measure engine-out and tailpipe emission rates. We aso developed a procedure to allow
for the comparison of bag and modal emission data as an internal on-going quality assurance check. The
final testing sequence isillustrated in Table 3.7.

An IM240 test and a 1-minute idle were inserted between the FTP Bag 3 and the MECOL1 tests, primarily

for the purpose of warming up vehicles for the ensuing MECO1 cycle. This is necessary since it takes
approximately 50 minutes to perform analysis of the bag emissions (30 minutes) and to purge and
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prepare the analyzers for the next test cycle (20 minutes). Thus, the vehicle would be soaking for roughly
50 minutes before the MECO1 test could begin. Running an IM240 test before the MECOL ensures that
the vehicleis fully warmed up for MECOL1 testing. The one minute idle allows the engine to stabilize and
the vehicle's brakes to cool prior to the MECO1. Emissions generated during these preconditioning cycles
were not measured for analysis.
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Figure 3.2. US06 velocity trace.

During the initial vehicle testing, we had a unique opportunity to evaluate the effectiveness of these test
cycles and identify areas for improvement. Initially, the biggest concern was the length of the entire test
procedure for each vehicle. We evaluated each segment of the test procedure to see if any were not
directly useful to project goals. After careful analysis of the 30-vehicle emission data, we concluded that
each segment of the test procedure has its own merit, thus only marginal modifications were possible. As
shown in Table 3.7, we developed four different versions of the NCHRP test sequence in order to
minimize the testing time. The particular testing sequence used for a given vehicle depends on the
characteristics of that vehicle, as described below. Because the US06 has several hard acceleration and
braking events, several vehicles were not able to complete the entire US06. These vehicles were typically
model year 1980 and older rear-wheel drive vehicles.
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Operation NCHRP_A NCHRP_B NCHRP_C NCHRP_D
(seconds) (seconds) (seconds) (seconds)
12-hour soak
equipment preparation 1,200 1,200 1,200 1,200
FTPBag 1 505 505 505 505
FTPBag 2 866 866 866 866
10 minute soak 600 600 600 600
FTPBag 3 505 505 505 505
FTP bag analysis 1,800 1,800 1,800 1,800
equipment preparation 1,200 1,200 1,200 1,200
IM240 * 240 240 240 240
1 minuteidle 60 60 60 60
MECO01 1,000 1,000 1,000 1,000
Repeat Hill 460 460 460 460
AC Hill 460 - 460 -
US06 600 600 - -
US06 & MECO1 bag analysis 1,800 1,800 1,800 1,800
Total 11,296 10,836 10,696 10,236
(188min) (180min) (178min) (171min)

* for vehicle preconditioning only (emissions not collected)
Table 3.7. Four NCHRP Test Sequences

Test Sequence A:

FTP 3 bag test + IM240 + 1minidle + MECO1 with both Repeat and AC hills + US06

This is the default test sequence and was applied to all vehicles that both were capable of
completing the US06 cycle and had air conditioners.

Test Sequence B:

FTP 3 bag test + IM240 + 1 minidle + MECO1 without AC hill + US06

This test sequence was applied to all vehicles that were capable of completing the US06 cycle,
but did not have operable air conditioners.

Test Sequence C:

FTP 3 bag test + IM240 + 1minidle + MECO1 with both Repeat and AC hills (NO US06)

This test sequence was applied to vehicles that were not capable of completing the US06 cycle,
but that did have operable air conditioners. Most of the rear-wheel drive vehicles prior to MY 80
were tested under this test sequence.

Test Sequence D:

FTP 3 bag test + IM240 + 1minidle + MECO01 without AC hill (No US06)

This test sequence was applied to vehicles that were not capable of completing the US06 cycle
and that did not have operable air conditioners.
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34.2 MECO01Cycle
There are two general objectives of constructing the MECOL cycle:

1) It should cover most speed, acceleration, and specific power ranges that span the performance
envel ope of most light duty vehicles; and

2) It should be composed of a series of modal events such as:

various levels of accelerations,
* deceleration events;

e aset of constant cruise speeds;
e gpeed-fluctuation driving; and
* constant power driving.

Based on feedback from a number of sources, the MECO1 cycle was iteratively refined prior to any
substantial vehicle testing. The first version that was used for vehicle emissions data collection was
MECO1 version 5.0, shown in Figure 3.3. The MECO1 cycle consists of five different sections:
stoichiometric cruise section, constant power section, constant acceleration section, air conditioning hill
section, and repeat hill cruise section.

Stoichiometric Cruise Section

This section or “hill” has been designed to measure emissions associated with cruises at eight constant
speeds: 5, 35, 50, 65, 80, 75, 50, and 20 mph. Each of these events lasts approximately 20 seconds,
except the 65 mph cruise which lasts 40 seconds. All of the acceleration rates in this section are below
3.3. mph/s, the maximum acceleration rate in the FTP. At four of the constant-speed plateaus, there are
also “speed fluctuation” events which are common phenomena during in-use driving and may induce
transient enrichment spikes. The speed fluctuation is simulated by initially coasting down for three
seconds, followed by a mild acceleration back to the initial speed level. Thisis repeated three times.

It is important to note that there are two 50 mph cruises, one immediately preceded by an acceleration
event, the other preceded by a deceleration event. Comparisons between the two have helped establish
the impact that recent driving history has on emissions.

Constant Power Section

In this section there are five constant specific-power sub-cycles, with specific power (SP) ranging from
150 to 400 (mph)2/s. Specific power (SP) is approximated as two times the product of velocity (v) and
acceleration (a):

SP=2*v*a.

The units of v are mph, a is mph/s, and SP is (mph)2/s. Since the specific power multiplied by the vehicle
mass is the kinetic power, the specific power measures kinetic energy used during a driving episode. In

the case of the FTP, the maximum SP is 192 (mph)2/s. In the US06, the maximum specific-power is
much greater, reaching 480 (mph)2/s. During high power episodes, the kinetic power required to
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overcome vehicle inertia typically dominates the total power requirements. Thus during high power
operation, a constant specific power approximately represents constant total power. The specific power
levels from 200 to 300 (mph)2/s represent moderately high power driving, while a level of 150 is within
the power range of the FTP, and a level of 400 requires wide-open-throttle (WOT) operation in most
vehicles. This section allows us to detect the thresholds at which vehicles enter a power enrichment state.

Constant Acceleration Section

Five acceleration episodes are included in this section: the first goes from 0 to 25 mph with a constant
acceleration rate of 3.5 mph/s; the second from 0 to 20 mph at a constant rate of 4 mph/s. These first two
acceleration rates are sightly above the FTP limit of 3.3 mph/s, again intended to capture any on-set of
enrichment. The third acceleration episode is from 0 to 25 mph at 4.5 mph/s, followed by two events at
wide-open throttle: one from 30 to 50 mph and another from 50 to 70 mph. The last two episodes are
designed to test emissions associated with the maximum enrichment level and the application of
maximum power of the vehicle.

Air Conditioning Hill Section

The stoichiometric cruise section is repeated in the cycle, this time with the air conditioner on if the
vehicle is so equipped. Air conditioning usage can have a drastic effect on emission rates; this section of
the cycle allows direct comparison with theinitial steady-state cruise section.

Repeat Hill Cruise Section

In order to determine emissions variance for each vehicle within a single test, the stoichiometric cruise
section is again repeated, this time with the air conditioning turned off. This repeat hill allows us to
directly compare the modal events within the hill or the composite emissions for both hills.

The time intervals between all high acceleration/deceleration modal events in the cycle are at least 30
seconds long, allowing the catalytic converter enough recovery time. Also, there are various deceleration
rates in the cycle; however these rates are rather mild in order to avoid brake over-heating during the
testing.

The total duration of MECO1 version 5 (including the air conditioning and repeat hills) is 1920 seconds
(1160 seconds without the air conditioning and repeat hills). MECO1v5.0 was applied to the first 43
vehicles tested. After that, slight modifications were made to the cycle based on testing results and
comments from the NCHRP panel.

MECO1 version 6
Version 6.0 of the MECO1 is shown in Figure 3.4, and includes the following modifications:

Constant Power Section: Among the preliminary tested vehicles, it was found that some vehicles have

power enrichment thresholds below K = 150 mph?/s, the lowest value in the constant power section.
Since the major purpose of including these hills with different K-values is to detect the power enrichment

threshold, we added aK = 100 mph2/s hill in this section.

On the other hand, we found that episodes of constant power are not easily achieved due to driver and
vehicle limitations. Small speed fluctuations can cause relatively large changes in the actual power

demand, especial for high power episodes. Generally, the 150 and 200 mph?/s were achieved by most
vehicles with reasonable accuracy; however, some of the older vehicles had difficulty in achieving the
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higher power levels. These same vehicles also demonstrated more variability during the constant power
episodes. Based on these concerns, as well asto avoid further lengthening of the cycle, we eliminated the
K =250 mph2/s hill. Thus the new constant power section includes 100, 150, 200, 300 and 400 mph2/s
hills.

Acceleration Section: After much deliberation, we decided to retain this section, since it specifies some
constant acceleration modal events, which may occur in real-world driving. However, we have modified
the acceleration section by combining the 3 acceleration events into a single event: 0 to 60 mph in 15
seconds, at a constant acceleration rate of 4.0 mph/s. This episode is very similar to that of a vehicle
entering a highway on-ramp.

Repeat & AC Hills: Our preliminary analysis showed that CO, NOx, and CO, emission rates with air
conditioning on were significantly higher across technology groups for normally operating vehicles;
however, no significant differences were observed for the malfunctioning/high-emitting vehicles. The
repeat hill had significantly higher NOx emissions and lower CO and HC emissions for normally
operating vehicles. Again, malfunctioning/high-emitting vehicles did not show consistent increases (or
decreases) in any pollutant for the repeat hill.

This suggests that both the AC and repeat hills produce interesting results that would be valuable in
modeling emission impacts of air conditioner use and driving variability. The concern is that both hills
include the low power cruise section only. Thusin version 6.0, we included two moderate constant power

episodes at 150 and 200 mph?/s. In order to avoid further lengthening this section, we retained only the
first half of the cruise section. The duration of each section is now 460 seconds. Unlike version 5 of the
MECOL1 cycle, the Repeat Hill Section will be tested prior to the AC Hill section in version 6 of the
MECO1 cycle.

MECO1 version 7

A total of 82 vehicles were tested using the MEC01v6.0 cycle. Based on further recommendations from
the Panel, the repeat portion of the cycle was dlightly modified to better identify potential modal history
effects (see Figure 3.5). The new repeat hill cycle starts with arapid acceleration from 0 to 65 mph with a
constant acceleration rate of 4.0 mph/s2, which is a repeat of an episode in the acceleration section. It is
immediately followed by a 65 mph cruise and fluctuation driving. This sequence is designed to compare
65 mph cruise driving following a mild acceleration (as in the Cruise Section) and a hard acceleration (as
in this section). This event is followed by several cruise and fluctuation driving modes at 35, 5, 20, 75, 80
and 65 mph. The order of these modes has been “scrambled”: each cruise mode follows an opposite
acceleration or deceleration event from the original cruise section. For example, the 65 mph cruise
follows a deceleration event from the 80 mph cruise driving mode in this repeat section, while in the
cruise section, it follows an acceleration event from the 50 mph cruise driving mode. The only exception
is the 80 mph cruise driving mode, which is the maximum speed in this cycle, and therefore can only be
approached from an acceleration event. In this section, a K = 300 mph/s? constant power episode was
included to accelerate from 20 mph to 75 mph, which is essentially a repeat of the constant power driving
in the constant power section.

In summary, this section includes a hard acceleration event (a = 4.0 mph/s?), a constant power event (K =
300 mph/s?), 7 cruise driving events (v = 65, 35, 5, 20, 75, and 65 mph), and 4 fluctuation driving modes
(average speed = 65, 35, 20, and 65 mph). The order of these modes is “scrambled” from the origina
sequence. The new design of the repeat hill allowed us to analyze the history effects of the different
modes.

No additional changes were made to the MECOL1 cycle after these changes.
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3.5 EMISSIONS TESTING PERFORMED

In total, 327 vehicle tests were performed over 18 months in Phase 2. Thirty additional vehicle tests were
performed in Phase 4. Of the 357 total tests, 343 of the data sets turned out to be valid. A total of 14 tests
were rejected due to a number of problems; the most common problem was that the vehicle failed at
some point during the test. A vehicle failure in this case was typically an overheating problem. Although
adequate ventilation was provided in the test chamber, several vehicles did not have very good cooling
systems and thus overheated. When the car failed, the data up to the failure point were recovered,
however, partia datasets are not useful for modeling. The other common vehicle failure was brake
problems. The high-speed, aggressive US06 cycle required substantial braking of the vehicle. Even with
brake assistance from the dynamometer, some vehicles' brakes were just too weak to maintain the cycle
without damaging the brakes. All of the valid vehicle tests and their categories are listed in Appendix A.

3.6 DATA PRE-PROCESSING

Data generated from the vehicle emission tests are stored on magnetic/optical drives in two separate
databases within CE-CERT. The raw emission data are stored on the Vehicle Emissions Research
Laboratory (VERL) host computer. In addition, another complete set of data is stored on the
Trangportation Modeling Research Group’s computer system database. Since the raw emission data must
be post-processed and validated before it can be used for modeling purposes, we have developed an
automated system for transfer, storing, logging and converting the emission data files. This overall
process is described below.

3.6.1 Conversion

The post-processing and conversion of the emission data from VERL is straightforward, but for
completeness, it is summarized here. Raw emission data from VERL are received as either concentration
values or mass emission values. In March of 1997, a software upgrade on VERL’s host computer made it
possible for VERL to generate accurate time aligned mass emission data. Most of the emission data files
after March 25, 1997 were exported as mass emission files. In afew select instances, where further post-
processing was required to correct for problems such as leaks in the sample lines, concentration data was
still used. Thisis discussed further in section 3.7.

Mass emission data are transferred from VERL's host computer to a UNIX-based database and
reformatted. These data are then labeled and saved in a fina refined data file along with the vehicle
name, VERL’s test name and the equivalent TSR name. Conversion of concentration data is more
involved and is conducted as follows. First, the raw emission data are transferred from VERL into a
UNIX-based database and reformatted. Then they are converted from gas concentrations in parts-per-
million (ppm) to a mass emission rate in grams per second. This is done using algorithms for the
dynamometer and gas analyzers which must account for parameters such as emission densities, exhaust
flow rates, and differences in dry and wet gas measurements. The equations and procedure used to
account for such factors are given in Appendix B. For both post-processing procedures, the post-
processed modal data are appended to alog file which aso includes the vehicle name, cumulative modal
emission rates in grams per mile for CO,, CO, HC, and NOx and comparable integrated emission results
obtained by the bag analyses. The final step for all the test data is comparing the cumulative moda and
integrated bag results as well as making visual checks to determine the need for any more post-processing
of the data.

3.6.2 TimeAlignment
An important part of the post-processing sequence is to time align all of the emission data. This is a

necessary step since there is a time delay inherent in each of the gas analyzer response times. All
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emission data gathered after March 7, 1997 have been time aligned by VERL's host computer. Prior to
this date, VERL's host computer was not able to perform emission data time alignment due to software
limitations and it was being done by TSR. For these data, time aligning is done as part of the processing
step by simply shifting the pollutant concentrations at each second an appropriate time step. The proper
time shift is determined through several steps. An initial time shift for each pollutant is provided by
VERL as part of the validation and calibration of the emission benches. The second step is to determine
time shifts for each pollution pair via a cross correlation analysis of the second-by-second emission data.
The calculated time shifts are then compared to those expected. Since time shifts may be off by less than
the one-second increment at which data are collected, time shifts of plus and minus one second are also
evaluated. The shifted second-by-second results are integrated and compared with measured bag results
for the various pollutants. This is further discussed in Section 3.6.3. The time shift with which the
integrated second-by-second results agree most closely is compared with the expected time shifts. Since
the time shift is a function of the analyzer system only, it should be consistent across all tests and
vehicles. This procedure ensures the accuracy of the time alignment and helps detect any differencesin
the modal and bag emission values.

3.6.3 Data Storage

For each test cycle, a set of two data files is received from VERL. These are copied and stored on the
UNIX platform in a raw-data directory. The first file includes second-by-second data for pre- and post-
catalyst emissions, actual and targeted vehicle velocity data and air/fuel ratio data. Emission datain this
file are recorded as concentrations in units of ppm or percent volume and velocity data is recorded in
units of mph. The second file includes information about the vehicle, test parameters, testing conditions
and test results including bag results. These sets of files are backed up and renamed according to their
appropriate NCHRP project name in another data directory. This procedure automatically generates alog
file which matches the test original name with the NCHRP project name and the current date. In order to
make the second-by-second data readily available for modeling purposes, emissions concentrations are
converted to mass emission rates using a conversion procedure which is discussed in Section 3.6.1, or
simply properly formatted if they already contain mass emission rate data. In addition, the emission data
are time aligned as discussed in Section 3.6.2. After pre-processing of the file is complete, a refined
version of the second-by-second datafileis stored.

37 DATA QUALITY ASSURANCE AND CONTROL (QA/QC)

As mentioned above, it is critical for model development that we have confidence in the second-by-
second mass emission rates. Of concern is that the dynamic dilution factor needs to coincide with the
dynamic gaseous pollutant measurement. Under most conditions this is not a problem. However, during
very fast transient events a slight time delay (less than one second) between the two measurements can
cause errors in the modal emission rate. Most of these events are during rapid deceleration when thereis
arapid decrease in dilution ratio compared to a slower response of the emission analyzer. Thisresultsin
a higher emission rate for a period of one to two seconds. One way to continually validate our results and
check for this problem is to aggregate the second-by-second mass emission rates in grams per second, as
described in the previous section. We aggregate these numbers to get the total mass emissions in grams
over the entire cycle. By dividing the total grams by the distance of the driving cycle, the emission
factorsin grams/mile for each bag and each cycle are able to be compared.

Under ideal conditions, bag emissions in grams/mile should agree with both the cumulative second-by-
second modal emission rate and the four-mode mass emission rate. Our experience is that the consistency
of the results are sensitive to both the type of pollutant and the driving cycle; e.g., the CO, results are
more consistent than those of the other pollutants, and the FTP cycle results are more consistent than
those of either the USO6 or the MECOLl. The comparisons have allowed us to determine most
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measurement and conversion problems; for example, we are able to specify any analyzer problem or
calibration error, as well as time alignment problems during the sampling and measurement processes.

If any disagreement exists, we perform a visual check of the second-by-second emission profiles for each
pollutant. We looked specifically at the time alignment between emissions of each pollutant and the
driving trace, as well as the overall emission profile. For example, the engine out CO, emissions profile
should be similar to that of the engine-out HC and NOx emissions. We also checked to make sure that
emission rates at a given second were not unreasonably high or low.

Another method of validating the data is by performing a carbon balance check. This is done by
calculating the amount of carbon in the pre- and post-catalyst lines. These two numbers should be
approximately equal. Large discrepanciesin pre- and post-catalyst lines may indicate aleak in the vehicle
test system. In order to test a vehicle, it is necessary to drill and weld a tap for a sample probe. Such a
leak could be occurring on the exhaust pipe between the two sampling taps or from one of the taps itself.
A leak would cause a portion of ambient air to be drawn in with the sample diluting it, which would
result in lower concentrations and, subsequently, in lower mass emission values. By comparing the pre-
and post-catalyst carbon numbers, we are able to calculate a second-by-second adjustment factor which
can be applied to carbon imbalance datain order to correct it.

At the end of each validation process, the percentage difference between bag and modal data is
documented, as well as the problems associated with visua check of the second-by-second emissions
profiles. In select cases, testing problems, such as an analyzer going off line briefly, make it difficult to
generate comparable bag and integrated modal numbers. Most of the tests have differences between the
bag and modal measurements which average around 2.5% for CO, emissions, 12.5% for CO emissions,
16% percent for HC emissions and 13.5% for NOx emissions.

3.8 MEASURED VEHICLE PARAMETER DATA

On a subset of vehicles, we were able to directly connect a datalogging tool (Scan Gra-FiXxM) to retrieve
some second-by-second engine system data for all vehicles supported by the tool when used with a 1994
and later Domestic Combination Primary cartridge, a 1993 GM Primary cartridge, or a 1992 and later
Asian Import Primary cartridge. With this datalogging tool, we can obtain direct measurements of
parameters such as engine speed, throttle position, etc. The collection of these data has proved to be
useful in validating many of the intermediate modules of the modal emission model. Each vehicle has a
different set of parameters that are reported to the scanning tool. Of the 315 vehicles tested, we recorded
vehicle parameters for 87 vehicles (28%). As an example, the datalogging vehicle parameters for a 1992
Ford Taurus are shown in Table 3.8.
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TIME time mark

RPM Engine Speed (revolutions per minute)
02S1(mV) Oxygen Sensor 1 (milli Volts)
02S2(mV) Oxygen Sensor 2 (milli Volts)
TP=TPS(V) Throttle Position

TP MODE Throttle Position Mode
ECT(V), Emission Control Temperature
ECT(aF) Emission Control Temperature
IAT=ACT(V) Idle Air Temperature

MAF Mass Air Flow

EPC(PSI) Evaporative Pressure Control
INJPW1(mS) Injector Pulse Width 1

INJ PW2(mS) Injector Pulse Width 2

VPWR Vehicle Power

VREF(V) Vehicle Reference Voltage
SPARK ADV/(g) Spark Advance (degrees)

WAC=WQT A/C

Wide Open Throttle Air/Conditioning (on/off)

FP=FUEL PUMP

Fuel Pump (on/off)

CANP=PURGE

Canister Purge (on/off)

VEH SPEED(MPH)

Vehicle Speed (miles per hour)

PARK/NEU POS

Park Neutral Position

TR=GEAR Gear

BOO=BRAKE SW Brake signal

OPEN/CLSD LOOP Open Loop

LFC=LO FAN Low Fan (on/off)

HFC=HI FAN High Fan (on/off)
ACCS=A/C AC (on/off)

OCTANE ADJ Octane Adjustment (on/off)

Table 3.8. Example Vehicle Parameter Datafor 1992 Ford Taurus.
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4  Modal Emission Model Development

This chapter provides a general description of the developed modal emissions model. In general, the
model is a physical, power-demand model based on a parameterized analytical representation of
emissions production. In this model, the emission process is broken down into different components or
modules that correspond to physical phenomena associated with vehicle operation and emissions
production. Each component is then modeled as an analytical representation consisting of various
parameters that are characteristic of the process. These parameters vary based on severa factors, such as
vehicle/technology type, fuel delivery system, emission control technology, vehicle age, etc. Because
these parameters typically correspond to physical values, many of the parameters are stated as
specifications by the vehicle manufacturers, and are readily available (e.g., vehicle mass, engine size,
aerodynamic drag coefficient, etc.). Other key parameters relating to vehicle operation and emissions
production must be determined from atesting program, described in the model calibration procedure.

The main purpose of the comprehensive modal emission model is to predict vehicle tailpipe emissions
associated with different modes of vehicle operation, such asidle, cruise, acceleration, and deceleration.
These modes of operation may be very short (i.e., a few seconds) or may last for many seconds.
Moreover, the model must deal with the following operating conditions:

1) variable starting conditions (e.g., cold start, warm start);
2) moderate-power driving (i.e., driving for the most part within the FTP performance envelope);

3) “off-cycle” driving (i.e., driving that falls outside the FTP performance envelope; this typically
includes enrichment and enleanment events).

As discussed previously, we are concerned with a variety of in-use vehicles that vary by model, age, and
condition (i.e., emissions control system deterioration or malfunction). Therefore, one needs to consider
both temporal and vehicular aggregations:

Temporal Aggregation:  second-by-second - several seconds (mode) — driving cycle or scenario

Vehicle Aggregation: specific vehicle - vehicle/technology category — general vehicle mix (fleet)

Using a bottom-up approach, the basic building block of our physical-based emissions model is the
individual vehicle operating on afine time scale (i.e., second-by-second). However, the model itself does
not focus on modeling specific makes and models of vehicles. Our primary goal is the prediction of
emissions in several-second modes for average, composite vehicles within each of the vehicle/technology
categories specified in Table 4.1. Modeling at a higher level of detail is of limited value for two reasons:

1) At the second-by-second level, there can be major fluctuations in driving patterns, with large short-
term emissions consequences. Mgjor fluctuations in throttle position are common in dynamometer
tests using standard driving cycles, as the driver corrects for overshooting or undershooting the
target speed trace. Information on the frequency and intensity of throttle fluctuations in actua
driving is not readily available, as they depend on specific road and traffic conditions. Thereforein
our present view, some time-averaging process is desirable in the model.
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2) It would be difficult (and outside the scope of the project) to attempt to devel op a separate formalism
for al vehicle models based on measured parameters describing engine and emission control system
(ECS) behavior, including rates of ECS deterioration and failure for each vehicle. Instead, we are
developing the generic characterization of a composite vehicle within each vehicle/technology
category specified in Table 4.1. The composite vehicle (in each category) is determined based on an
appropriately weighted emissions average of all vehicles tested in the category. Generic parameters
are then modeled as part of the composite vehicle emissions model. Using this generic approach, one
obtains good modal-emissions predictions for composite cars. Model accuracy also improves
considerably with temporal aggregation.

Category # | Vehicle Technology Category
Normal Emitting Cars
1 No Catalyst
2 2-way Catalyst
3 3-way Catalyst, Carbureted
4 3-way Catalyst, FI, >50K miles, low power/weight
5 3-way Catalyst, FI, >50K miles, high power/weight
6 3-way Catalyst, Fl, <50K miles, low power/weight
7 3-way Catalyst, FI, <50K miles, high power/weight
8 Tier 1, >50K miles, low power/weight
9 Tier 1, >50K miles, high power/weight
10 Tier 1, <50K miles, low power/weight
11 Tier 1, <50K miles, high power/weight
24 Tier 1, >100K miles
Normal Emitting Trucks
12 Pre-1979 (<=8500 GVW)
13 1979 to 1983 (<=8500 GVW)
14 1984 to 1987 (<=8500 GVW)
15 1988 to 1993, <=3750 LVW
16 1988 to 1993, >3750 LVW
17 Tier 1 LDT2/3 (3751-5750 LVW or Alt. LVW)
18 Tier 1 LDT4 (6001-8500 GVW, >5750 Alt. LVW)
25 Gasoline-powered, LDT (> 8500 GVW)
40 Diesel-powered, LDT (> 8500 GVW)
High Emitting Vehicles
19 Runs lean
20 Runsrich
21 Misfire
22 Bad catalyst
23 Runs very rich

Table 4.1. Vehicle/Technology modeled categories. Note diesel vehicles start at category 40; “blank” categories are
user programmabl e from category #60.

Table 4.1 comes directly from the vehicle/technology categories developed and specified in Section 3.1.3
(Table 3.4), with the following exception: Because many of the high emitting vehicles had disparate
emission results when categorized by technology group, the high emitting vehicles were re-categorized
into groups with similar emission characteristics. Grouping high emitters by emission profiles produced
much more homogeneous groups than grouping by technology category. These characteristics are
described in detail in Section 4.12, and include running lean, running rich, misfiring, having a bad
catalyst, and running very rich.
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Separate sub-models for each vehicle/technology category listed in Table 4.1 have been created. All of
these sub-models have similar structure; however the parameters used to calibrate each sub-model are
different. Each calibrated sub-model corresponds to a composite vehicle representing the characteristics
of aparticular vehicle/technology category.

In developing these sub-models, it is important to strike a balance between achieving high modeling
accuracy and reducing the number of model input parameters. Because the design, calibration, and in-use
conditions of vehicles vary greatly, there is aways the temptation to add more input parameters for
special situations of different vehicles to improve modeling accuracy. In order to control the number of
independent input parameters, focus has been placed on the most common emission mechanisms, rather
than trying to accommodate every special vehicle case.

In the following sections, the general structure of the model is first discussed, followed by the details of
each module. The parameterization of the sub-models is then addressed in detail. Finaly, the high-
emitting vehicle modeling is described.

4.1 GENERAL STRUCTURE OF THE MODEL

In the devel oped modal emissions model, second-by-second vehicle tail pipe emissions are modeled as the
product of three components: fuel rate (FR), engine-out emission indices (Qemisson/Ofue), and time-

dependent catalyst pass fraction (CPF):
tailpipe Jemiss
.= FRe (=SSO0, cpr 1
emissions ( Ofuel ) @

Here FR isfuel use rate in gramg/s, engine-out emission index is grams of engine-out emissions per gram
of fuel consumed, and CPF is the catalyst pass fraction, which is defined as the ratio of tailpipe to
engine-out emissions. CPF usually is afunction primarily of fuel/air ratio and engine-out emissions.

The complete modal emissions model is composed of six modules, as indicated by the six square boxes
in Figure 4.1: 1) engine power demand; 2) engine speed; 3) fuel/air ratio; 4) fuel-rate; 5) engine-out
emissions; and 6) catalyst pass fraction. The model as a whole requires two groups of input (rounded
boxes in Figure 4.1): A) input operating variables; and B) model parameters. The output of the model is
tailpipe emissions and fuel consumption.

There are also four operating conditions in the model (ovalsin Figure 4.1): a) variable soak time start; b)
stoichiometric operation; c¢) enrichment; and d) enleanment. Hot-stabilized vehicle operation
encompasses conditions b) through d); the model determines in which condition the vehicle is operating
at a given moment by comparing the vehicle power demand with two power demand thresholds. For
example, when the vehicle power demand exceeds a power enrichment threshold, the operating condition
is switched from stoichiometric to enrichment. The model does not inherently determine variable soak
time; rather, the user (or integrated transportation model) must specify the time the vehicle has been
stopped prior to being started. The model does determine when the operating condition switches from a
cold start condition to fully warmed-up operation. Figure 4.1 also shows that the operating conditions
have direct impacts on fuel/air ratio, engine-out emissions, and catalyst pass fractions.

The vehicle power demand (1) is determined based on operating variables (A) and specific vehicle

parameters (B). All other modules require the input of additional vehicle parameters determined based on
dynamometer measurements, as well as the engine power demand calculated by the model.
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The fuel/air equivalence ratio (which is the ratio of stoichiometric air/fuel mass ratio, roughly 14.7 for
gasoline) to the instantaneous air/fuel ratio), @, is approximated only as a function of power, and is
modeled separately in each of the four operating conditions a) through d). The core of the model is the
fuel rate calculation (4). It is a function of power demand (1), engine speed (2), and fuel/air ratio (3).
Engine speed is determined based on vehicle velocity, gear shift schedule and power demand.

)
—> ENGINE SPEED
(N)

(A) INPUT
OPERATING

VARIABLES ) TAILAIPE
o @ EMISSIONS
DEMAND ©) % :
> FUEL(FF%A)TE ™ ENGINE- CATALYST| FUEL USE
ouT PASS N
(B) MODEL EMISSIONS | FRACTION
3
| AIRIFUEL
EQU. RATIO
| (©)

c¢. Enrichment
d. Enleanment

Figure4.1. Modal Emissions Model Structure

In the next few sections, each of the six modules is described. The four operating conditions are
discussed in conjunction with these six module descriptions. It is important to note that this generic
model with its modules applies to the 26 different vehicle/technology categories defined in Table 4.1".
Differences between the sub-models show up only in their defining parameters.

4.2 ENGINE POWER DEMAND MODULE

The establishment of a power demand function for each vehicle is straightforward. The total tractive
power requirements (in kW) placed on the vehicle (at the wheels) is given as:

—_ 2 3 .
Pragt = AV+BIV: +CV¥ + M [{a[D.447 + g [8n6) [V [D.447/1000 )

where M is the vehicle mass with appropriate inertial correction for rotating and reciprocating parts (kg),
v is speed (miles’hour or mph), a is acceleration (mph/second?), g is the gravitational constant (9.81
meters/s’), and @ is the road grade angle in degrees. Here the coefficients A, B, and C involve rolling
resistance, speed-correction to rolling resistance, and air drag factors, as has been widely discussed.

* Note that the diesel truck category uses a modified architecture, see Section 4.12.
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If some or all of these parameters are unknown, coefficients can be obtained from coastdown data
obtained in connection with the FTP and available in the EPA coastdown coefficients database [Paulina
et a., 1994; SAE, 1991; USEPA, 1994]. A, B and C can be estimated based on the procedure outlined in
the IM240 test procedure and using the equipment specifications developed by the US EPA [USEPA,
1994]. This procedure divides the tractive road-load horsepower at 50 mph (TRLHP@50) into the three
components, which are determined by the vehicle manufacturer as specified in a SAE procedure [SAE,
1991]. In the absence of new car certification coefficients or a vehicle class designator, the following
track coefficients can be used:

A = (0.35/50)* TRLHP (hp/mph) = 0.0052* TRLHP (kW/mph)
B = (0.10/2500)* TRLHP (hp/mph’) = 2.9828E-05* TRLHP (kW/mph?) (2b)
C = (0.55/125,000)* TRLHP (hp/mph3) = 3.2811E-06* (kW/mph®)

In this approximation, A, B, and C only rely on asingle variable: TRLHP.

To trandate the tractive power requirement to demanded engine power requirements, the following
relationship applies:

P
_ _tract. 3
P= € *Pacc ©

where P is the second-by-second engine power output in kW, € is vehicle drivetrain efficiency, and P, is
the engine power demand associated with the operation of vehicle accessories such as air conditioning

usage.
42.1 Drivetrain Efficiency Modeling

Research has demonstrated that the torque converter and transmission efficiency are functions of engine
speed and engine torgque. Drivetrain efficiency drops at low engine speed range due to torque converter
slippage. For older vehicles (which don’t have clutch lock up) torque converter efficiency also dropsin
the high engine torque range. Vehicle drivetrain efficiency can be approximated as a function of speed
and specific power. Specific power (SP) is defined as 2*acceleration*velocity (in mph%s) and is a
measure of vehicle kinetic energy change. We found that the drivetrain efficiency is low at very low
speeds, but increases to near its maximum at around 30 mph. The drivetrain efficiency then declines
dightly as specific power increases (into a high power range, where SP > 100 mph%s). Thus the
drivetrain efficiency € can be modeled as follows:

O
1
e= M- )] e a>0,v < 30mph (4)
0 30

O om- P2 (mph)?
1 M-&;5 qﬁ D2 P >1ooT

where g, ranges from 70-93% is the maximum drivetrain efficiency, €, = 1.0 is a coefficient for low speed

driving, and g5 ranges from 0.0 — 0.2, which is a coefficient during high-power driving. Figure 4.2
illustrates a typica relationship between drivetrain efficiency and vehicle speed (¢, = 0.1 is assumed
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here). It shows that the vehicle reaches the maximum drivetrain efficiency when it cruises at speeds
greater than 30 mph. Vehicle drivetrain efficiency drops both at lower speeds and at higher SP values.

Drivetrain Efficiency
A

€1=92.5%

Figure 4.2. Drivetrain Efficiency vs. Speed under MECOL1 cycle

Please keep in mind that Figure 4.2 is only illustrative and doesn’t necessarily correspond to specific
values or test cycles. Specifically, the lowest point in the figure corresponds to the highest specific power
(SP) value, not any given speed value.

4.3 ENGINE SPEED MODULE

The first approximation for engine speed isto smply expressit in terms of vehicle speed:

_R(L)
N(t) = SBR(TQ) [w(t) (5

where: N(t) = engine speed (rpm) at time t, S is the engine-speed/vehicle-speed ratio in top gear Lg
(known as N/v in units rpm/mph), R(L) is the gear ratio in Lty gear, L = 1,...,Lg, and v(t) is the vehicle
speed (mph) at timet. Gear ratio is selected from a given set of shift schedules.

Under certain circumstances, especialy for high-power events, down-shifting is required as determined
by a wide-open-throttle (WOT) torque curve. The general relationship between torque and power output
of theengineis:

P(t) (5252

QM) = N(D)

(6)

where Q(t) = engine torque in ft.Ib at time t and P(t) is engine power in hp. The engine torque at any
engine speed must not exceed the WOT torque, Q,,,(t). The latter is estimated from the following

approximation based on atypical spark-ignited engine performance map:

Qwor (t) = Qm[l—o.ZSB:'Im_—'\'(t)] if N(t) <Nm (79)
m — Nidle
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Quor (1) = Qnl1- (1- gr:)u'?'j:)_'h'fmml N > Nim )

where Qm is the maximum torque, N, is the engine speed at maximum torque, Qp is the torque at
maximum power, and Np is the engine speed a maximum power. Figure 4.3 demonstrates the
approximated WOT torgue contour curve.

Torque
A

100% Qn

Q
75%

>
>

Nidle Nm Np Speaj
Figure 4.3. Approximation of Engine WOT Torque and Speed Relationship

When the calculated Q(t) is greater than QwoT(t), the vehicle downshifts to the next lower gear. New

values of engine speed, torque, and the WOT torque are calculated from the above equations. If
necessary, this process is repeated (i.e,, a second downshift is considered) to satisfy the operating
conditions.

Engine Speed (RPM) Validation

As the model was developed, we performed intermediate variable validation with actual measurements.
As discussed in Section 3.8, many second-by-second engine parameters were measured on a subset of
vehicles. For engine speed modeling, our modeling results have shown satisfactory agreement on a
second-by-second basis. As an example, Figure 4.4 shows the measured and modeled engine speed for a
MY 93 Saturn SL2 under the MECOL cycle. In Figure 4.4, the first plot is the MECO1 cycle speed trace.
The second plot is the second-by-second engine speed in RPM. The solid line represents the modeling
results and the dashed line represents the measured results.

4.4 FUEL/AIR EQUIVALENCE RATIO MODULE

The fuel-air equivalence ratio domain is divided into three regions: lean, stoichiometric (roughly 0.98 < @
< 1.02, depending on the application), and rich. Although even small variations in fuel-air ratio within
the stoichiometric region might be significant, we do not attempt to model them (the primary reason for
this decision is that the uncertainty in the measured ratio must be less than 1%). In this section, we
describe the fuel-air equivalence ratio modeling under enrichment, enleanment, and cold start operation
conditions respectively.
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Figure 4.4. Measured and modeled second-by-second engine speeds for aMY 93 Saturn SL2 under the MECO1
cycle. The solid line represents the modeling results and the dashed line represents the measured results.

4.4.1 Enrichment Operation

It is common practice to design vehicles to operate with a rich mixture under high power conditions, in
effect altering emissions control principles that attempt to maintain a stoichiometric ratio (enrichment is
also used during cold start operation). There are two critical issues related to estimation of enrichment.
One is the threshold at which the fuel/air ratio changes from stoichiometric to rich and the other is the
degree of enrichment. Based on the 350+ tested vehicles, vehicle enrichment thresholds vary widely from
vehicle to vehicle. The variables used in modern computer-controlled fuel injection to determine the
threshold vary as well as the thresholds themselves. In general, enrichment is primarily a function of
demand power and acceleration. However, when averaging over many vehicles, we find it adequate to
model enrichment in terms of a simple power or torque threshold.

The engine power or torgque (P or Q) at which the equivalence ratio becomes greater than 1.02 can be
taken as the enrichment threshold (Py, or Qy). In our model, enrichment operation occurs when torque
demand (Q) is larger than the corresponding enrichment threshold Qy, that is:

®>1.02, when Q> Qy=(Py 0.7457)*5252/N (8a)
where Py, is the power enrichment threshold determined as:

Pin= Peac* (0.5* M* SPya,* (0.447)%/(1000)+ Zyag)/€1 (8b)
where Pyye IS a power threshold dimensionless scaling factor. It is a calibrated variable that can only be

determined through measurement. SP,,, = 192 mph?/s is the maximum FTP specific power. M is vehicle
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mMass is Kg, Zaag IS power demand from air and tire drag term in kW, N is engine speed inrpm, and €; isa
transmission efficiency in Equation (4). SPisin mph?/s, Pisin kW and Q isin Ib.ft. Above the threshold,
the equivalence ratio is assumed to increase linearly with torque Q up to a maximum value @
corresponding to aWOT torque level. Thus:

¢=1 if Q= Qy
¢=1+%°(%-D ifQ>Q, ©

where Quor is engine torque at WOT. ¢ is the measured fuel/air equivalence ratio at WOT_ The
approximation of hot-stabilized fuel/air equivalence ratio as a function of engine power demand is given
by Figure 4.5.

Fuel/Air Equi. Ratio ¢

A
o
9=1
Enleanment Stoichiometric Enrichmeint
|
Q<0 Q=0 Qh Qwor Q

Figure 4.5. Approximation of Hot-stabilized Fuel/Air Equivalence Ratio as a Function of Engine Torque.
442 Enleanment Operation

The estimation of enleanment fuel/air ratio is not as critical as the estimation of enrichment fuel/air ratio,
since only the latter is directly used in modeling vehicle emissions [An et al., 1996; An et a., 1997].
However, it is still important to determine when substantial enleanment occurs, rather than how severe
the enleanment is. Our research shows that enleanment HC emissions associated with both aggressive
transient and lasting decel eration episodes are significant; CO and CO, emissions during enleanment are
negligible (for details on this analysis, see [An et al., 1998]). Enleanment HC emissions are modeled
without direct involvement of fuel/air ratio, as described in Section 4.6.2 (also see [An et &, 1998]). For
NO, emissions, enleanment events usually induce several seconds of delay in catalyst efficiency
recovery, resulting in an increase in NO, emissions immediately following the enleanment events. Thisis
discussed in Section 4.7.

443 Cold-Start Operation

During a cold-start, the engines of most vehicles operate with a rich fuel mixture. The following
equations are introduced to address this phenomenon:
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m):gu(cam.d—l)@@%- B i Tu®<Ts (100

At) = @ (1) if To () >Tq (10D)

where @ is the hot stabilized fuel/air equivalence ratio given by equation (9), @oq is the maximum
value of fuel/air equivalence ratio during cold start, T, is a surrogate temperature defined as:

t
Tau(t) =) FR()) (12)
=1

and T4 is the cold-start surrogate threshold temperature when the engine reaches close-loop control.
FR(j) is calculated fuel rate at the jth second. Since the engine temperature increase is directly related to
the cumulative fuel consumption, the surrogate temperature is a good surrogate variable to represent the
real temperature. Equation (10) states that the fuel/air mixture will be the richest during the initial second
and gradually decreases to reach closed-loop control after the surrogate temperature T, is achieved, as
illustrated in Figure 4.6.

@)
A1) = @od
Q) = Ghot
t=0 Ta(t)=Tq t

Figure 4.6. Relationship between fuel/air equivalence ratio @ and cold start timet.
Validation of Fuel/Air Equivalence Ratio during Hot-Stabilized Operation

As part of the intermediate variable validation, we have also compared the modeled and measured
fuel/air equivalence ratio ¢ for a number of vehicles. An example is shown in Figure 4.7 for the MY 93
Saturn SL2 under the MECO1 cycle. In Figure 4.7, the first plot is the MECOL cycle speed trace. The
second plot is the measured second-by-second fuel/air equivalence ratio ¢. The solid line represents the

modeling results and the dashed line represents the measured results. In general, we obtain reasonable
results for most of the vehicles.

45 FUEL RATE MODULE

Modeling the fuel rate in any driving cycle for any vehicle has been previously discussed [An et al.,
1993; Ross et al., 1993]. With the possibility of arich mixture, thismodel can be expressed as:
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Figure 4.7. Measured and modeled second-by-second fuel/air equivalence ratio for aMY 93 Saturn SL2 under the
MECO01 cycle. The solid line represents the modeling results and the dashed line represents the measured results.

FR(t) = o(t) LK (t) IN(1) [V + ?) e for P>0 (123

FR() = Kige* Nige * V forP=0 (120)

where FR(t) is fuel use rate in grams/second, P(t) is engine power output in kW, and K(t) is called the
engine friction factor and is described below, Kiqe is a engine friction factor during engine idling. N(t) is
engine speed (revolutions per second), Nige isidling engine speed in rps, V is engine displacement, and 77
= 0.4 isameasure of indicated efficiency. 44 kJ/gisthe lower heating value of atypical gasoline. @(t) is
the fuel/air equivalence ratio.

For model yearsin the 1980s and 1990s, a satisfactory approximation is:

K = K, *[1+ (N(t) - 33)% * 10 (kJ /(rev* liter)). (133)

Kige =1.5% K (13b)

K represents the fuel energy used to overcome engine friction per engine revolution and unit of engine
displacement. For early-to mid-1990s cars, K, ranges from 0.19 - 0.25 kJ/(rev*liter).
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4.6 ENGINE-OUT EMISSIONSMODULE

In this section, we first describe the modeling of hot-stabilized engine-out CO, HC, and NOx emissions,
then the modeling of cold-start engine-out emission multipliers for these pollutants.

4.6.1 Engine-out CO Emissions

Our analysis shows that there is a strong correlation between fuel use and engine-out emissions. The
engine-out CO emission rates can be estimated as [An and Ross, 1996]:

ECO=[C, * (1~ ¢+ aco]FR (24)

where ECO is the engine-out emission rate in g/s. Here C is approximately 3.6, and aco is the CO

emission index coefficient (emissions in g/s divided by fuel use in g/s). The first term of the above
equation represents enrichment-related processes. The second term is also present at stoichiometry.

4.6.2 Engine-out HC Emissions
HC Emissions under Stoichiometric and Enrichment Conditions

Engine-out HC emissions (EHC) are essentially proportional to fuel rate and not sensitive to the fuel/air
equivalenceratio:

where EHC isin g/s, ayc isthe HC emission index coefficient, and ryc = 0 isasmall residual value.
HC Emissions under Enleanment Conditions

We have identified two major sources of the enleanment HC emissions (HCjean): transient HC emission

spikes associated with speed fluctuation driving events, and enleanment HC puffs associated with long
deceleration events [An et al., 1998]. We model these two events separately.

Transient Hydrocarbons Emissions Associated with the Rapid Load Changes

The transient hydrocarbons emissions are associated with rapid load reduction. After carefully
analyzing the second-by-second data, we found that the severity of the HC spikesis roughly proportional
to the rate of change of specific power: dSP = d(SP)/dt, where SP is defined as 2*a*v. dSP actually
determines the rate of vehicle' s load change. The engine-out transient HCjegn emissions due to rapid load

reductions can be estimated as:
EHCean-trans = hCtrans * [|OSP| - 0SPy] When a< 0 & [8SP| > &SPy, (mph)Z/S (16)

where hcyrans is the engine-out HCjegn emissions (in grams) per unit of dSP, which can be directly

determined through measurements. dSPy, is a threshold value of the specific power change rate: when
OSP = 8SPy, (mph)%s, EHCjean-trans = 0. The unit of 3SP isin (mph)®/s. We found that 8SP;, is usually

around 50 (mph)2/s2.



NCHRP Project 25-11 Final Report: The Development of a Comprehensive Modal Emissions Model

HC Emissions associated with Long Deceleration Events

In normal powered driving, the amount of condensed fuel on the walls of the intake manifold is in rough
equilibrium with the addition of fresh condensate from fuel injection and the loss by evaporation into the
air which is moving into the cylinders. The amount of fuel on the walls depends to some extent on the
recent history of fuel injection, i.e., recent power level.

When engine power is negative, essentially during coastdown and braking events, there is still significant
air flow but little or no fuel injection. The condensed fuel will be removed by evaporation over a period
of seconds and pass through the cylinders. The critical fact is that during these events the fuel-air ratio is
typically very lean, so lean that there is little or no combustion. In this case, the HC emissions index
becomes high.

In negative power operation, built-up hydrocarbons will be released, resulting in an engine-out HC
emission puff whose strength depends on the built up fuel and the rate of its release. The built-up
unburned engine-out HC releases (EHC|ean-release) Can be modeled as:

t-1

EHG gon-raense (1) =T * (BHC = 3 EHG - raicei) (17)

where r_ is the unburned hydrocarbons release rate in 1/second, and bHC is the built-up condensed fuel

in the intake manifold at the start of the event. The second term in Equation (17) is the summation of
released unburned hydrocarbon. Equation (17) implies that the HCjegn emission is proportional to the

remaining volume of the built-up unburned hydrocarbons residing in the intake manifold.

From Equation (17) we can see that EHC|ean-release has its highest value at the first second, then decays
with time. From this time dependence we can measure the maximum value of EHCjegn-release; Which
equalsr, * bHC at the first second. If we introduce the maximum value of enleanment HC puffs as hcyx,
which can be directly measured, then we have:

hCmaX =bHC |]R (18)
or,
bHC = Cma (19)
'R

Based on Equations (16) and (17), we are able to model the engine-out HCjegn emissions during an entire
driving cycle. Three parameters require calibration: 1) hcans, the transient engine-out HC emissions per
unit of dSP (Equation (16)). hcyans Can be determined by dividing the measured maximum transient
engine-out HC emissions over the measured maximum change rate of the specific power dSP; 2) hcpay,
the measured maximum hydrocarbon puffs associated with long deceleration (Equation (18)); and 3) rR,
the unburned hydrocarbons release rate. rr can be determined by matching the time dependence of the
modeled EHCgan-release Of Equation (17) with the corresponding measurement val ues.

Thetotal engine-out HC emission are determined as:

EHC = EHC oy + EHCean—retease * EHC ean-trans (20)
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4.6.3 Engine-out NOx Emissions

NOx emissions are very sensitive to the peak temperatures arising in the cylinder. In association with
this, there is a fuel rate threshold below which the emissions are very low. Moreover, because of the
cooling effect of fuel enrichment in the cylinder, enrichment NO, emissions are typically lower than
those under stoichiometric conditions.

ENO, = a,\ox {FR+FR,) for < 1.05
ENO, = a,yo, {FR+ FR\o,) for ¢>1.05 (21)
ENO, =0 for FR<FR,

where a,,,, and a,,, are NO, emission index coefficients for the stoichiometric and enrichment cases
respectively, and FRyo1 and FRyo, are fud rate thresholds for engine-out NO, emissions.

4.6.4 Cold-Start Engine-Out Emissions Multipliers

Vehicle engine-out emissions increase significantly during cold-start, especially CO and HC emissions.
Cold-start engine-out emissions are modeled by introducing the following parameters. 1) cold-start
fuel/air enrichment equivalence ratio, @.q; 2) cold-start surrogate threshold temperature to reach close-
loop operation, Ty; 3) cold-start engine-out HC emission index multiplier, CS,c; and 4) cold-start engine-
out NO, emission index multiplier, CSyox.

Thefirst two parameters @4 and T, determine the enrichment fuel/air equivalence ratio during cold-start
based on equation (10), thus the cold start engine-out CO emissions can be determined based on equation
(24).

The cold-start engine out HC and NO, emissions can be estimated as follows:

Tcl _Tsu (t) )* EHC(t) If Tsu (t) <Tc|

cl

EHCyu(t) =@+ (CS,c — D

LT Ta® )*ENOX(t)  If To,() <T4 (22)

cl

ENOX44 (1) = (1 + (CSiox = 1)

EHC,,,, (t) = EHC(t), ENOXx.,(t) = ENOX(t) IF T, (1) =T,

where Tg(t) is the surrogate temperature defined by equation (11), and Ty is defined by equation (10).
The relationship presented in equation (22) isillustrated in Figure 4.8.
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Figure 4.8. Model relationship between engine-out HC emissions and cold start time.
4.7 CATALYST PASSFRACTION MODULE

In this section, we first describe the modeling of catalyst pass fraction (CPF) under hot-stabilized
conditions, then CPF modeling under cold-start conditions.

Hot-Stabilized CPF
471 CPFCOandHC

Detailed studies indicate that the CPF coefficients are sensitive to driving cycles; i.e., CPF coefficients
calibrated based on high power cycles such as the MECO01 and US06 are different from the ones based on
the low power FTP Bag 2 cycle. To solve this problem, we split the engine-out emissions into two parts.
One is associated with the stoichiometric portion of emissions, i.e., directly related to fuel use. The other
part is directly associated with the enriched fuel/air equivalence ratio ¢, as shown by Equation (23):

CPF(i) =1-I; * exp[(-h —¢ ll-¢")) [FR] (23)

where subscript i represents either CO or HC emissions, /7 is the maximum catalyst CO or HC efficiency,
a, represents CO or HC emission index coefficients, and FR is the fuel rate in grams/second. While b is
the stoichiometric CPF coefficient calibrated based on the low power FTP Bag 2 cycle, ¢ is the
enrichment CPF coefficient calibrated based on the MECOL cycle.

472 CPF NOx Function

The NO, catalyst efficiency is also a function of engine-out NO, emissions and fuel/air equivalence ratio
¢@.NO, catalyst efficiency decreases moderately with an increase of NO, engine-out emissions (during
stoichiometric operation) and fuel/air equivalence ratio ¢ (during enrichment operation), but drops

dramatically with an increase of the severity of enleanment. We have established a NO, catalyst
efficiency model asfollows:
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(L= Byp CENO) Ty 9=10

Cat _Eff,., =1-by, l-Cyo [L—@™)) LENO] I'yg seeererernene ®>10 (249
vo ~ Lno) 1= @) L@ = @) + Lo seveeenens <10

CPE(NOX) = 1 - Cat_Effyo, / 100 (24b)

where ENO represents the engine-out NO, emissions, byo and ¢yo are catalyst efficiency coefficients, Mo
is the maximum measured catalyst efficiency under hot-stabilized operation conditions, gis the fuel/air
equivalence ratio, ¢min is the minimum measured fuel/air equivalence ratio, and Lyo is a dimensionless

constant (=-80).
4.7.3 Tip-in Effect of NO, Catalyst Efficiency During Closed-L oop Operation

Simulation of the CPF during closed loop operation is more challenging due to the smaller deviations in
the air-fuel ratio. We find that for most vehicles, there is a correlation between the change in (derivative
of) fuel rate (AFR) and CPF(NOx). In order to explain this phenomena, we note that the fuel rate tends to
lag slightly behind the throttle position. During accelerations the throttle opens or “tips in”, making fuel
mixtures slightly lean for a short period of time [Nam et al., 1998]. The fuel injector controls lag behind
this increasing intake of air, catching up only when the rate of change in air flow through the manifold
lessens, at which time the A/F returns to stoichiometry. Note that the deviation from stoichiometry is
small (~0.5%). This phenomenon is completely unrelated to command enrichment.

Equation (24c) givesthetip-in effect of NO, catalyst:
Cat_Eff\o, = (L= 1) D ygeereereereeeeen AFR>0.05g/s” & 9<1.0 (24c)

where y is atip-in coefficient and ranges from 0 to 1.0. Equation (24c) implies that, during closed-loop
operation (¢ < 1) and moderate acceleration (AFR > 0.05 ¢g/s’) events, catalyst NO, efficiency drops by
v* 100 percent.

474 Cold-Start Catalyst Efficiency Modeling

We find that the cold-start catalyst efficiency (Cat_Eff cold) can be expressed as a function of the
vehicle's cumulative fuel use:

ri

Cat _Eff, _cold(t) =
where, i = CO, HC, or NOy, I'; is the maximum hot-stabilized catalyst efficiency, Ty, is the surrogate
temperature based on cumulative fuel consumption (defined by equation (11)), and G is a cold-start

catalyst coefficient for each pollutant. Cat_Eff,_hot(t) is determined by equations (23)-(24). The modeled
cold-start catalyst efficiency increases with cumulative fuel use as a S-curve, matching the measured
cold-start catalyst profile rather well. Equation (25) doesn’'t rely on any specific cold-start cycle and only
reguires one parameter (f;) for each pollutant, which can be determined via a calibration process based
on measurement data. Equation (25) isillustrated in Figure 4.9.
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Figure 4.9. Modé relationship between catalyst efficiency and cold start time.
4.8 INTERMEDIATE SOAK TIME EMISSION EFFECTS

The previous discussion of cold start emission modeling is based only on the FTP Bag 1 type test
conditions. In order to handle variable soak times, we find it useful to introduce adjusted surrogate
temperature AT; for each pollutant as a function of soak time:

Tsu_i (Tsoak ’t) = Tsu (oo’t) + AT| (Tsoak) (26)

ATi (Tsoak) = e—TsoakICSoak_i |:rcl (27)

where i = CO, HC and NOx respectively, Tqa is @ soak time for modeled vehicles, Cqx i is a calibrated
soak-time coefficient for each pollutant, and Ty (eo,t) is the surrogate temperature during full cold-start
defined by equation (11). The symbol “” represents soak time equal to or larger than 24 hours. The
relationship between AT; and soak time T iSillustrated in Figure 4.10.

AT;

Tcl

Cold Start

Warm Start

Tea= 10/60 Teox= 24 Teoa (hr.)

Figure 4.10. Relationship between incremental cold-start factor and soak time Tga.
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Thus when Ty, goes to 0, corresponding to hot-stabilized operation, AT; tends to Ty, meaning that the
surrogate temperature Tg, starts with the threshold temperature T,. When Ty becomes very large, say
T = 24 hours, AT, tends to 0. When Ty is between 0 and 24 hours, AT, is between Ty and 0. Thisis
the case for the FTP Bag 3 operational condition, where T, = 10/60 = 0.167 hours.

Thus in the soak time emission module, we simply use Tg(Tsax,t) defined by equation (26) to replace
Ts(t) (defined by equation (11)) to model soak time fuel/air equivalence ratio and engine-out emissions.
The soak time catalyst efficiencies need to be treated slightly differently and will be introduced later.
481 Intermediate Soak Cold Start Fuel/Air Equivalence Ratio

The intermediate cold start fuel/air equivalence ratio can be modified by Ts, co(T sak.t), based on equation

(20):
| _Tsu co Tsoak’t
ﬂt’Tsoak) = é‘-'- (wcold - 1) EETC :l- ( ) %Dﬁm (28)

Thus the severity of the cold-start fuel/air equivalence ratio @ is a function of soak time T, and the
shorter the T, the less severe the fuel/air equivalence ratio for the initial seconds.

482 Intermediate Soak Cold Start Engine-Out Emissions

Intermediate soak engine-out emissions can be modified based on Tg(Teat) and equation (22) as
follows:

- Tsu_HC (Tsoak ,t)

cl

- Tsu_NO (Tsoak ,t)

cl

.
EHC g (T o) = L+ (CSe —1) O ) CEHC(t) (29)

.
ENO g (Touest) = L+ (CSyo —1) B-° ) CENO(t) (30)

The above equations show that engine-out emissions are functions of soak time as well. The shorter the
T, the lower the engine-out emissions during the initial seconds.

483 Intermediate Soak Cold Start Catalyst Efficiency

The intermediate soak cold start catalyst efficiencies need to be modified differently. The reason is that

the catalyst cooldown rate differs from the engine’s cooldown rate, and thus needs to be adjusted
differently. Here we introduce an adjustment for catalyst surrogate temperature as follows:

ATcal_i (Tsoak) = e-kalﬂcaU |:rcl (31)

where S i are calibrated soak time coefficients for catalyst CO, HC, and NO, emissions respectively.
Equation (31) has similar behavior as equation (27).
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Thus the intermediate soak cold start catalyst efficiencies can be modeled based on equations (25) and
(31) asfollows:

L (32)

Cat _Eff; (T 1) = 1+ 20 & (= O BTe_ Tem )/ A

where /5 is the maximum hot-stabilized catalyst efficiency and £, is the cold-start catalyst coefficient for
each pollutant (Equation (25)). The above equation says that the initial catalyst efficiency (when Ty, = 0)
isafunction of Tga. For example, when Tgqe —» 0, Cat_Eff(Tga,0) — /75, which corresponds to a fully
warmed-up situation. When T — o, Cat_Eff(Twa ,0) — 0, which corresponds to a FTP Bag 1 cold
start condition. When Tea is between 0 and oo, Cat_Effi(Tea,0) = I / (1+20e™Te(T0Bl 5 g,

484 Calibration Procedureto Deter mine Ceax

Ceoax i Of equation (27) can be calibrated by matching measured and modeled FTP Bag 3 engine-out
emissions for each pollutant, where Tea = 10/60 = 0.167 hours is used. asa ; Of equation (31) can be
calibrated by matching measured and modeled tail pipe emissions. Thus to incorporate the intermediate
soak time emissions into our model, six additional parameters Ceoak co, Csoak ey Csoak nor @A Tsoak co,
Osoak_He, aNd sk no are used to model soak time impacts on CO, HC and NO, emissions respectively.
(Note that the soak time impact is different for CO, HC, and NO,, and are thus model ed separately).

4.9 SUMMARY OF MODEL PARAMETERSAND VARIABLES

As discussed previoudly, separate sub-models for each vehicle/technology category have been created.
The sub-models all have similar structure (as described in the previous section)®, however they differ
primarily in their parameters.

Each sub-model uses three dynamic operating variables as input. These variables include second-by-
second vehicle speed (from which acceleration can be derived; note that acceleration can be input as a
separate input variable), grade, and accessory use (such as air conditioning). In many cases, grade and
accessory use may be specified as static inputs or parameters.

In addition to these operating variables, each sub-model uses a total of 55 static parameters in order to
characterize the vehicle tailpipe emissions for the appropriate vehicle/technology category. A summary
list of the parameters and operating variables is given in Table 4.2. Table 4.2 gives the name and a brief
definition of each parameter, as well as the associated equation number (in parentheses) in which it

appears.

In Table 4.2, the model input parameters are first divided into two large categories: 13 Readily Available
Parameters and 42 Calibrated Parameters. The Readily Available Parameters represent model input
parameters which can be obtained externally from public sources (e.g., sources of automotive statistics,
datasets compiled by EPA, etc.), and are further divided into specific vehicle parameters and generic
vehicle parameters. The generic vehicle parameters are ones that may not necessarily be specified on a
vehicle-by-vehicle basis, but are rather specified generically for entire vehicle classest.

* Note that the diesel truck category use a modified model architecture as described in Section 4.12.

T In the current model implementation, these generic vehicle parameters are programmed into the model and cannot
be modified by the user (see Chapter 6).
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MODEL EMISSIONSMODEL PARAMETERSAND VARIABLES

Readily-Available Parameters

Calibrated Parameters

Specific Vehicle Parameters
M - vehicle massin Ib. (2)
V - engine displacement in liter (12)
Nige — idle speed of engine (7)
Trlhp - coastdown power in hp (2)
S - eng spd./veh spd. in rpm/mph (5)
Qm - max torquein ft.lb (7)
Nm - eng spd. inrpm @ Qn, (7)
Prmax - max power in hp
Np - eng spd. inrpm @ Pra (7)
Ng - number of gears

Generic Vehicle Parameters
n - indicated efficiency (12)
R(L) - gear ratio (5)

Operating Variables

0 - road grade (2)

P - accessory power in hp (3)
Vv - speed tracein mph (2, 4, 5)
T soak — S0K time (min)

SH — specific humidity (grains H,0/Ib)

(Insensitive)
Fuel Parameters
ko - eng. fri. factor in kJ/(lit.rev) (13)
€1€3- drivetrain eff. coefficients (4)
Engine-out
Emission Parameters

Cy - CO enrich. coef. (14)
aco - EO CO index coef. (14)
ayc - EO HC index coef. (15)
Nic - EO HC residual value (15)
ainox - NOy stoich index (21)
aonox - NOy enrich index (21)
FRyo1, FRyoz - NOLFR threshold (21)

Enleanment Parameters
hCmex - Max. HC e, rate in g/s (18)
hCyans - trans. HCe, rate in g/SP(16)
0SPy, - HCean threshold value (16)
r.—HC,_, releaseratein /s (17)
roz- ratio of O, and EHC (9b)
@nin — l€an fuel/air equ. ratio (244Q)

Soak-time Parameters

Csoak cor Csoak ey Csoak no— SO8K time
engine coef. for CO, HC, NOy (27)

,Bcat_co; ﬁcat_hc; ﬁcat_no - wak tl me
Cat. coef. for CO, HC, NO (31)

(Sensitive)
Cold-Start Parameters

Bcos Brc, Brox - cold start catalyst

coefficients for CO, HC,

and NOXx respectively (25)
@roiq - COlD F/A equi. ratio (11)
Ty - surrogate temp reach stoich (11)
CSic - cold EO HC multiplier (22)
CS\o - cold EO NO multiplier (22)

Hot Catalyst Parameters
I"co, Mher Mvox - hot max CO,
HC, and NO, catalyst
efficiencies (23 & 24)
bcos brc, bno - hot Cat CO, HC,
and NOx coefficient (23 & 24)
Cco, Ches Cno - hot cat CO, HC

and NOx enrichment coefficient
(23 & 24)

y - NOx Cat tip-in coefficient (24c)
Enrichment Parameters

@ - max F/A equi. ratio (9)

Psae — Power threshold factor (8)

Table 4.2. Modal Emissions Model Input Parameters. The numbersin parenthesis correspond to the equationsin the

text in which they appear.

The Calibrated Parameters cannot be directly obtained from publicly available sources; rather they are
deduced (i.e., calibrated) from the testing measurement data. This group of parametersis further divided
into two sub-sets: an Insensitive Set (23 parameters) and a Sensitive Set (19). In the Insensitive Set, the
model parameters are either approximately known in advance (e.g., fuel and engine-out emission
parameters) or have relatively small impacts on overal vehicle emissions (e.g., enleanment parameters).
The parameters in the Sensitive Set need to be carefully determined. There are three sub-sets of Sensitive

Parameters:
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1) Cold-Sart subset, consisting of 7 model input parameters describing both cold-start catalyst

performance and engine-out emissions,
2) Hot Sabilized Catalyst subset, consisting of 10 parameters that determine the relationships between
catalyst efficiencies and engine-out emissions and fuel/air ratios under hot stabilized conditions; and
3) Enrichment Parameters subset, consisting of 2 parameters defining enrichment: the maximum
enrichment fuel/air equivalence ratio @ at wide open throttle (WOT), and the enrichment power
threshold Pgge.

Given all of these parameters, Figure 4.11 presents a detailed flow chart of the model and where the
parameters are used.

Beo
. Yeold i Buc
calnveh.m calibrated parameters i csCO B
: : ; - csCO v
‘ c_eff_cold
\J cold \J A cadys
Ko H cold start
h 4 efficiency
Y« [ c_eff_not hot ¢_NO_mem Soak time
ck K > engine NOx tipin G EO | i
nveh.m  vehicle efficiency effects. HC& [“Eoidg V
parameters A NOx ECO
¢ en E K multiplier] EHC
N _ FR
¢ eco| K ENG TPCO
c_eng EHC | T Catalyst TPHC
ade, sook fHme | PR hot | ENO| Pass | | TPNO,
grade, soi C_pow c_N engne engineout o/ Tsu>Tc2 h Fraction L
time | ] engine speed rpm & > cﬁ?)fﬁd HC,CO& » O‘ - —>
8CCessories, .. power | p. torque N - ¢ > NOx CPFCO
ve, | demand| emissions Coldstart or CPFHC
acc warmed up? CPFNO
driving cycle- » N, T EHG,
vel, acc p y =
c_ubHC
CJJﬁ‘l' power Fers lean-burn HC CMEM_MAIN A
Pin T,
& torque th 't P>R? c_lamb P
thresholds P | hotg
Stoich, enrich. or
enlean. ?
Figure 4.11. Flow chart of the Comprehensive Modal Emissions Model (CMEM)

As the model was developed, each test vehicle was individually modeled by determining all of the
parameters described in the previous section. The Readily Available Parameters of the test vehicles (e.g.,
mass, engine displacement, etc.) have been obtained for each vehicle. The Calibration Parameters were
determined through a detailed calibration procedure, using the measured emissions results for each test
vehicle. Depending on the specific parameter, the calibration values are determined either: 1) directly
from measurements; 2) based on several regression equations; or 3) based on an optimization process.
4.10.1 Measurement Process

Nine parameters are determined directly from the dynamometer emission measurements:

¢ maximum hot-stabilized catalyst efficiencies for CO, HC, and NO, emissions (/co, /Hc, and [Mox);

e maximum fuel/air equivalence ratio (qp);
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e maximum lean HC emission rate during long decel eration events (NCyay);

e maximum lean HC emission rate during transient events (NCyans);

* minimum fuel/air equivalenceratio (f.n) during enleanment operation;

e ratio of oxygen and engine-out HC emissions (ro,) during enleanment operation; and
*  maximum cold-start fuel/air equivalence ratio (¢,,,)-

The first eight parameters are derived directly from the MECO1 cycle emissions traces. The maximum
cold-start fuel/air equivalenceratio (¢,,) is based on data from the FTP bag 1 cycle.

4.10.2 Regression Process

All seven parameters used to model engine-out emissions (Co, aco, anc, MHe, @inox anox aNd FRyoxn) are
determined through a regression process performed on the second-by-second data. Emission
measurements from the MECO1 cycle are used to determine these parameters. These parameters are
determined by regressing engine-out emissions against rate of fuel use (e.g., see egns. (14), (15), and
(21)). This process was performed on the second-by-second data rather than on the operating modes
which typically span severa seconds. Operating at this highest time resolution insured that we captured
as many (engine) operating modes as possible.

4.10.3 Optimization Processes

The remaining 26 calibration parameters are determined using an optimization process, again performed
on the second-by-second data. Several optimization processes are used to calibrate the model parameters
by minimizing the differences between the integrated modeled and measured emissions data. The
optimization procedure is based on golden section and parabolic interpolation. During the optimization
process, one parameter is optimized at a time while al remaining parameters are held constant.
Parameters are optimized in a specific order such that they are dependent only on previously optimized
parameters.

Table 4.3 lists the parameters that are calibrated via optimization. In Table 4.3, the modeled and
measured parameters include both engine-out and tailpipe emissions for all pollutants. Variables
beginning with ‘E’ represent engine-out cumulative emissions in grams per mile, whereas variables
beginning with * T’ represent tail pipe emission factors in grams per mile. These parameters are calibrated
based on measurements made under either the MECO1 (mc), the FTP Bag 1 (fcl), Bag 2 (fc2), or Bag 3
(fc3) cycles (only the first 50 seconds of the FTP Bag 3 cycle are used in the calibration process). The
range in parameter valuesis also shown in the table.

Some variables that are initially determined based on the regression process (aco, Iyc, ainox and agxnox) are
further optimized here to improve the fit to the FTP Bag 2 cycle. The purpose of this optimization
procedure is to get the best fit for both MECO1 and FTP bag 2 cycles. The FTP Bag 1 cycle is used to
determine the cold-start parameters. The first 50 seconds of the Bag 3 cycle are used to calibrate the soak
time variables. Two variables that are initially determined directly from measurements (NCyans aNd /yox)
are also further calibrated, and shown in Table 4.3.
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411 VEHICLE COMPOSITING

Each of the vehicles tested during the testing phase with sufficient and acceptable data has been modeled
(total of 343 vehicles), using the calibration process described above. However, the primary modeling
goal is to predict detailed emissions for each average, composite vehicle that represents the
vehicle/technology categories listed in Table 4.1. Thus, a compositing procedure has been developed to
construct a composite vehicle to represent each of the 26 different vehicle/technology modeled
categories. The compositing procedureis as follows:

M odeled Param. Min. Max. Cycle Note
ECOogs Ko 0 1 fc2 Engine friction factor
ECO2gs Edt; 0.0 0.2 mc High-power drive train efficiency coefficient
ECO2gs Edt, 0.7 1.0 mc Maximum drive train efficiency
ECOgs aco 0 1.0 fc2 Engine-out CO emission index
ECOgs Pscale 0 2 mc Power enrichment threshold
EHCgs e -0.05 0.05 mc HC Regression coefficient
TCOgs beo 0 10 fc2 Catalyst CO coefficient
TCOgs Cco 0 50 mc Catalyst CO coefficient
ENOxgs a1nox 0 1 fc2 NOx Regression coefficient, stoich.
ENOxgs Qnox 0 0.2 mc NOx Regression coefficient, enrich
ECOgs Teold 0 1000 fcl Cold Start surrogate threshold temp.
ENOxgs CSwo 0 50 fcl Cold Start engine-out CO multiplier
TCOgs Beo 0 1000 fcl Cold Start CO catalyst coefficient
EHClean re 0.01 1 mc HC lean emission release rate
EHCgs hCians 0 5 mc Max. transient lean HC emission rate
EHCgs Py, 0 100 fc2 OSP lean threshold
EHCgs NCirans 0 5 mc Max. transient |lean HC emission rate
THCgs bhc 0 1 fc2 Catalyst HC coefficient
THCgs CHe 0 50 mc Catalyst HC coefficient
EHCgs CSyic 0 500 fcl Cold Start engine-out HC multiplier
TNOxgs bno 0 50 mc Catalyst NOx coefficient
TNOXxgs y 0 30 fc2 time delay for NOx catalyst
TNOXxgs Cno -100 50 fc2 Catalyst NOx coefficient
TNOXgs bno 0 50 mc Catalyst NOx coefficient
TNOXgs Mo 0 100 mc Max. hot catalyst NOx efficiency
TNOxgs Bro 0 1000 fcl Cold Start NOx catalyst coefficient
THCgs Buc 0 1000 fcl Cold Start HC catalyst coefficient
ECOgs Cooak co 0.005 10 fc3 Soak time engine-out CO coefficient
EHCgs Cosoak he 0.005 10 fc3 Soak time engine-out HC coefficient
ENOxgs Cosoak 10 0.005 10 fc3 Soak time engine-out NOx coefficient
TCOgs ook co 0.005 30 fc3 Soak time catalyst CO coefficient
THCgs Qo e 0.005 30 fc3 Soak time catalyst HC coefficient
TNOxgs o 10 0.005 30 fc3 Soak time catalyst NOx coefficient

Table4.3. CMEM Cadlibration Parameters

1. Establish composite emission traces for each technology group—Using the vehicles that are
grouped in each vehicle/technology category, an average composite vehicle emission trace is
constructed for the MECO1, FTP, and US06 cycles. This was done by averaging the second-by-
second emissions over the FTP three bags, MEC01 and US06 cycles for all vehicles in each
vehicle/technology category.
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2. Determine readily-available model parameters for composite vehicles—A subset of the
composite parameters are directly established based on their average values within each
vehicle/technology category, i.e., primarily the Readily-Available Parameters. As described in
Section 4.10, the calibration process involves the use of both second-by-second engine-out and
tail pipe emissions under both the FTP Bag 3 and MECO1 cycles.

3. Establish calibrated composite parameters—The remaining calibrated parameters for the
composite vehicles are determined using the same calibration process described earlier, using the
average of the calibrated parameters of the vehicles in the category as the starting point. Based
on this procedure, the parameter sets of the 26 composite vehicles are given in Table 4.4.

412 PRELIMINARY DIESEL MODAL EMISSIONS MODEL DEVELOPMENT

As part of Phase 4 of this project, apreliminary diesel modal emissions sub-model for light- and medium-
duty trucks (category 40) has been developed. For this sub-model, ten light- and medium-duty diesel-
powered trucks were recruited and tested, providing second-by-second measurements of CO, HC and
NO, over the FTP and the modal emission cycle (MECO1). In this research, we only focused on modeling
diesel emissions without any kind of engine aftertreatment (i.e., tailpipe emissions are the same as
engine-out emissions). The tested vehicles include four model year 1980s Ford trucks, two model year
1990s Ford trucks and four model year 1990s Dodge trucks. All Ford models use V8 Navistar diesel
engines. All Dodge models use Cummins inline six-cylinder diesel engines. Body types of the tested
vehicles include regular, super, and crew cabs. Table 4.5 lists the vehicle and engine characteristics for
these ten tested diesel trucks.

In Table 4.5, Cyl. represents number of cylinders and engine type (i.e., V8 refersto a V-8 engine and 16
refersto In-line 6 engine); Liter isengine sizein liters; Tran represents transmission type; W is estimated
vehicle test weight in Ib.; Odom is vehicle's odometer reading in miles; HC, CO, and NO, are FTP
emission measurements in grams/mile; MPG is measured city fuel economy; HP is rated engine power;
and N, is the corresponding engine speed in RPM. Tmax is maximum engine torque and N is the
corresponding engine speed in RPM. Trlhp is coastdown coefficient and N/V is rpm/mph in top gear.

Figure 4.12a shows the FTP emission characteristics of these tested vehicles. It shows that all these diesel
trucks have relatively high NOx emissions and low CO and HC emissions. Figure 4.12b shows the
measured fuel economies of these tested diesel vehicles.

Emission Factors

BAHC OCO EmNOx

grams/mile
O FRP N WHMOULO N O O
T

83 86 86 87 90 92 95 95 96 97
Ford Ford Ford Ford Dodge Dodge Ford Dodge Ford Dodge

Make/Model

Figure 4.12a. Emission Characteristics of Tested Diesel Vehicles
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Unit 1 2 3 4 5 6 7 8 9 10 11 12
vehicle
count | # 6 10 4 19 | 15 | 16 8 12 | 10 | 14 | 14 5
\ Liter 4.75 3.20 1.68 2.51 2.45 2.21 2.35 2.37 2.04 2.14 2.76 6.10
M Ib. 3000 | 3031 | 2438 | 3066 | 3158 | 3031 | 2922 | 3170 | 2913 | 2955 | 3288 | 4000

Trlhp hp 133 | 128 | 113 | 119 | 124 | 121 | 123 | 114 | 114 | 115 | 128 | 183
S(rpm/mph) | 25.39 | 254 | 354 | 44.6 | 39.3 | 409 | 396 | 400 | 362 | 396 | 382 | 36.8
Nm rom | 1766 | 2856 | 3323 | 3307 | 4027 | 3215 | 4288 | 3619 | 4150 | 3218 | 3908 | 1286
Qn Ib.ft | 2504 | 168.0 | 95.2 | 143.3 | 151.3 | 126.1 | 148.4 | 139.0 | 128.3 | 1254 | 170.1 | 319.6
Prax hp | 119.6 | 120.0 | 77.1 | 110.8 | 140.1 | 100.5 | 141.0 | 119.6 | 130.0 | 108.2 | 153.5 | 165.6
Np rpm | 3259 | 4560 | 5261 | 4908 | 5520 | 4754 | 5650 | 5127 | 5650 | 5011 | 5404 | 2783
Nigie rpm 967 900 950 871 880 825 900 855 900 871 846 | 1000
Ng d.. 4 4 4 4 4 4 5 4 5 4 4 3
Ko - kJ(/rev.liter)| 0.316 | 0.316 | 0.240 | 0.247 | 0.206 | 0.233 | 0.222 | 0.188 | 0.210 | 0.206 | 0.236 | 0.206
& dl. | 0698 | 0.782 | 0.860 | 0.900 | 0.912 | 0.889 | 0.917 | 0.866 | 0.907 | 0.918 | 0.913 | 0.550
& dl. | 0150 | 0.100 | 0.100 | 0.100 | 0.094 | 0.100 | 0.090 | 0.096 | 0.099 | 0.100 | 0.100 | 0.190
Co dl. | 3440 | 3.219 | 3.325 | 3.669 | 3.821 | 3.519 | 3.775 | 3.592 | 3.894 | 3.693 | 3.781 | 3.292
aco dl. [ 0375 | 0.157 | 0.158 | 0.121 | 0.133 | 0.097 | 0.090 | 0.090 | 0.086 | 0.091 | 0.080 | 0.275
8uc dl. | 0018 | 0.014 | 0.017 | 0.015 | 0.025 | 0.011 | 0.016 | 0.011 | 0.013 | 0.009 | 0.009 | 0.009
Mic g/s | 0.021 | -0.005| 0.002 | 0.001 | 0.008 | 0.004 | 0.001 | 0.002 | 0.001 | 0.003 | 0.004 | 0.014
aino dl. | 0.015 | 0.029 | 0.033 | 0.029 | 0.029 | 0.036 | 0.036 | 0.036 | 0.036 | 0.036 | 0.033 | 0.026
N0 dl. | 0.033 | 0.022 | 0.014 | 0.038 | 0.035 | 0.035 | 0.035 | 0.040 | 0.034 | 0.033 | 0.037 | 0.040
FRnos | @/s |-0.745]-0.439 | -0.215 | -0.287 | -0.316 | -0.291 | -0.277 | -0.249 | -0.255 | -0.306 | -0.272 | -0.789
FRnoz | /s | 0.015 | 0.110 | 0.005 | 0.259 | 0.372 | 0.199 | 0.147 | 0.746 | 0.198 | 0.185 | 0.379 | 0.895
NCrmax g/s | 0.215 | 0.150 | 0.080 | 0.065 | 0.106 | 0.067 | 0.075 | 0.054 | 0.065 | 0.063 | 0.046 | 0.171
hCyans | 95/MPh* | 2.999 | 1.433 | 0.649 | 0.354 | 4.993 | 4.804 | 0.250 | 0.456 | 0.271 | 4.804 | 4.967 | 4.993
IR Us ] 0.320 | 0.167 | 0.581 | 0.370 | 0.034 | 0.228 | 0.392 | 0.401 | 0.316 | 0.301 | 0.082 | 0.106
Ghin dl. | 0891 | 0.691 | 0.402 | 0.314 | 0.232 | 0.373 | 0.175 | 0.320 | 0.161 | 0.123 | 0.288 | 0.969
dSPy, | mph*/s| 18.30 | 0.00 | 12.13 | 0.00 | 88.20 [103.32| 0.00 | 5.01 | 0.00 |106.39]|110.75| 88.20
oz d.. 7.76 | 827 | 13.67 | 35.85 | 42.92 | 4054 | 36.85 | 67.19 | 45.30 | 50.45 | 63.91 | 2.16
Csomk oo | hour |400.00| 73.44 | 68.56 | 247.18| 38.74 | 100.18 | 49.51 | 127.58 | 217.18 | 280.68 | 166.43 | 377.86
Coak hc | hour | 0.38 | 97.21 | 32.81 | 19.26 | 34.66 | 20.65 | 22.68 | 11.30 | 0.38 | 15.12 | 32.22 | 0.01
Coak no | _hour |400.00| 57.50 | 11.75 | 295.09 | 400.00 | 400.00 | 400.00 | 43.34 | 400.00 | 400.00| 400.00| 0.38
Bea co | Vhr |238.66| 24.00 | 240.00| 17.06 | 11.91 | 45.14 | 240.00 | 240.00| 18.52 | 224.87 | 240.00 | 24.00
Beanc | Vhr | 0.64 | 11.00 | 240.00| 12.96 | 38.61 | 114.86 | 240.00 | 240.00 | 240.00 | 240.00 | 40.48 | 24.00
Beano | Vhr | 66.34 | 6.30 |240.00| 0.53 | 20.10 | 3.61 |240.00| 9.35 | 6.62 | 0.26 | 3.70 | 0.01

Bco g [499.99| 0.03 | 24.10 | 1856 | 18.99 | 24.09 | 23.52 | 3442 | 39.04 | 9.33 | 16.86 | 0.05
Brc g ]499.94| 57.31 | 29.29 | 15.03 | 17.72 | 1891 | 31.87 | 16.57 | 16.39 | 1041 | 12.76 | 0.05
Bno g [288.20| 53.60 | 22.02 | 19.34 | 18.26 | 4.83 | 27.69 | 1043 | 1421 | 6.21 | 4.47 |500.00
Ty g |165.63|586.67|128.51|143.29|107.68| 88.68 | 89.69 | 69.65 | 75.51 | 50.23 | 85.58 | 251.47
Qrold dl. 126 | 121 | 121 | 118 | 121 | 117 | 119 | 111 | 114 | 115 | 119 | 125
CSic d.. 398 | 318 | 311 | 474 | 251 | 421 | 319 | 349 | 464 | 455 | 472 | 192
CSvo d.. 168 | 140 | 020 | 296 | 365 | 490 | 1.94 | 321 | 181 | 484 | 414 | 061

o % 0.00 | 85.55 |100.00| 99.86 | 99.76 | 99.73 | 99.78 | 99.84 | 99.98 | 99.98 | 99.96 | 0.00
Mic % 0.00 | 84.25 | 99.67 | 99.91 | 99.78 | 99.88 | 99.90 | 99.86 | 99.93 | 99.83 | 99.95 | 0.00
Mo % 0.00 | 29.23 | 64.86 | 95.02 | 95.88 | 91.07 | 99.13 | 100.00| 99.78 | 99.85 | 99.65 | 0.00
beo | U(g/s)| 000 | 002 | 033 | 0.30 | 0.23 | 015 | 008 | 0.11 | 007 | 0.20 | 0.04 | 0.00
Cco |(gls)| 0.00 | 1999|1999 | 031 | 012 | 2.70 | 1.05 | 1.20 | 0.72 | 0.96 | 1.48 | 0.00
by | U(g/s)| 0.00 | 0.00 | 0.08 | 0.09 | 0.04 | 0.04 | 005 | 0.02 | 002 | 0.02 | 001 | 0.00
Cuc | U(g/s)| 0.00 | 487 | 238 | 0.00 | 009 | 055 | 005 | 048 | 026 | 036 | 059 | 0.00
byno | U(g/s)| 000 | 473 | 278 | 1.76 | 1.06 | 1.01 | 144 | 043 | 082 | 0.87 | 041 | 0.00
Cvo | Y(g/ls)| 000 | 052 | 500 | 273 | 171 | 221 | 337 | 0.00 | 357 | 148 | 1.32 | 0.00

y d.l. 0.00 | 013 | 037 | 0.34 | 018 | 019 | 0.36 | 000 | 025 | 0.07 | 0.04 | 0.00
[0} d.l. 126 | 125 | 121 | 123 | 124 | 125 | 124 | 124 | 126 | 124 | 124 | 1.27
Pscae dl. | 1198|1028 | 1.12 | 1.313 | 1.149 | 1.116 | 1.128 | 1.289 | 1.689 | 1.312 | 1.283 | 1.663
Table 4.4. Composite vehicle model input parameters (categories 1-12), * d.l. stands for dimensionless. See Table
4.1 for adescription of the category types.
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13 14 15 16 17 18 19 20 21 22 23 24 25 40
vehicle
count 6 9 22 10 16 12 10 20 6 7 15 3 5 9
V 462 | 294 | 277 | 487 | 342 | 514 | 3116 | 223 | 250 | 288 | 267 | 255 | 6.99 | 6.66
M 3900 | 3153 | 3351 | 4300 | 3938 | 4375 | 3643 | 2833 | 3021 | 3298 | 3054 | 3229 | 5929 | 6778
Trlhp | 176 | 146 | 152 | 198 | 180 | 21.0 | 152 | 128 | 134 | 153 | 128 | 143 | 21.3 | 20.7
S 259 | 405 | 39.0 | 301 | 336 | 230 | 344 | 41.7 | 421 | 378 | 40.1 | 382 | 30.6 | 30.2
N, 1959 | 2689 | 3029 | 2432 | 2953 | 2121 | 2888 | 3143 | 2867 | 2858 | 2696 | 3733 | 2543 | 1633
Qm 238.2 | 162.8 | 157.8 | 257.6 | 193.8 | 276.3 | 172.0 | 133.6 | 137.6 | 156.8 | 153.7 | 145.3 | 377.9 | 385.6
Prax | 143.2 | 1185 | 128.7 | 175.5 | 150.0 | 182.6 | 130.5 | 107.9 | 1045 | 122.3 | 106.1 | 122.8 | 244.3 | 186.1
Np 3607 | 4615 | 4847 | 3972 | 4603 | 3763 | 4817 | 5016 | 4854 | 4740 | 4763 | 4758 | 3914 | 2978
Nigie 920 | 867 | 895 | 800 | 850 | 817 | 886 | 900 | 967 | 923 | 914 | 833 | 829 | 867
Ng 3 4 4 4 4 4 4 4 4 4 4 4 4 4
Ko 0.233 | 0.218 | 0.213 | 0.206 | 0.215 | 0.188 | 0.243 | 0.229 | 0.234 | 0.249 | 0.274 | 0.206 | 0.191 | 0.135
€1 0.695 | 0.858 | 0.855 | 0.864 | 0.888 | 0.762 | 0.903 | 0.854 | 0.956 | 0.863 | 0.930 | 0.919 | 0.735 | 0.960
£3 0.100 | 0.100 | 0.100 | 0.100 | 0.100 | 0.100 | 0.100 | 0.100 | 0.000 | 0.100 | 0.000 | 0.100 | 0.100 | 0.200
Co 3.735 | 3.548 | 3.718 | 3.911 | 3.765 | 3.857 | 3.751 | 3.402 | 3.713 | 3.607 | 3.401 | 3.899 | 3.580 | 0.002
2o | 0.201 | 0.105 | 0.106 | 0.085 | 0.086 | 0.081 | 0.079 | 0.239 | 0.134 | 0.157 | 0.289 | 0.102 | 0.097 | 0.007
ayc | 0.009 | 0.011 | 0.012 | 0.009 | 0.010 | 0.009 | 0.014 | 0.019 | 0.061 | 0.019 | 0.023 | 0.012 | 0.007 | 0.003
ruc | 0.008 | 0.003 |-0.003|-0.002| 0.004 | 0.003 | 0.001 | 0.003 | -0.005|-0.010| 0.000 |-0.001| 0.001 | 0.002
ano | 0.026 | 0.026 | 0.033 | 0.029 | 0.029 | 0.026 | 0.036 | 0.033 | 0.022 | 0.029 | 0.002 | 0.034 | 0.030 | 0.032
ano | 0.009 | 0.031 | 0.033 | 0.025 | 0.040 | 0.038 | 0.020 | 0.030 | 0.019 | 0.036 | 0.006 | 0.040 | 0.040 | 0.000
FRno1 | -0.6721-0.448|-0.342 | -0.525 | -0.407 | -0.528 | -0.278 | -0.355 | -0.306 | -0.328 | -0.872| -0.258 | -0.805 | 0.002
FRnoz | 0.005 | 0.298 | 0.218 | 0.005 | 0.742 | 0.226 | 0.127 | 0.199 | 0.015 | 0.431 | 0.005 | 0.895 | 0.895 | 0.000
hcn | 0.119 | 0.088 | 0.082 | 0.066 | 0.069 | 0.048 | 0.063 | 0.138 | 0.178 | 0.128 | 0.156 | 0.087 | 0.152 | 0.008
NCyans | 0.395 | 1.095 | 2.075 | 1.746 | 0.654 | 0.045 | 0.516 | 4.993 | 4.993 | 3.293 | 0.989 | 0.955 | 0.382 | 0.010
'R 0.685| 0.339 | 0.114 | 0.123 | 0.542 | 0.621 | 0.245 | 0.157 | 0.010 | 0.126 | 0.446 | 0.142 | 0.215 | 0.233
@nin | 0.798 | 0.556 | 0.392 | 0.712 | 0.237 | 0.662 | 0.431 | 0.456 | 0.136 | 0.462 | 0.596 | 0.153 | 0.446 | 0.000
OSPy, | 0.00 | 1459 | 542 | 451 | 1441 | 0.00 | 0.45 |110.92|111.80| 4.08 | 10.32 | 0.00 | 15.69 | 0.00
oz 7.14 | 19.08 | 22.82 | 12.23 | 41.60 | 19.66 | 29.85 | 16.31 | 12.53 | 25.87 | 9.75 | 73.65 | 31.22 | 42.28
Cooak co | 269.73|194.95| 73.47 | 68.84 |176.78|112.58|194.96| 42.95 |217.18|400.00| 21.84 | 264.49|119.93| 400.0
Comk he | 17.41 | 9.71 | 16.72 |400.00| 0.01 | 41.65 | 47.05 | 27.42 |400.00| 0.38 | 62.59 | 12.43 |112.88| 0.01
Coak 1o |400.00|400.00|400.00|400.00|400.00{134.87| 0.01 |400.00{400.00| 5.78 | 3.06 |400.00| 0.38 | 3.30
Bea co | 0.64 | 14.75| 12.63 | 35.92 | 30.67 | 18.65 | 0.64 [240.00| 0.64 | 0.64 | 24.26 | 0.64 |240.00| 0.00
Bea e | 0.01 | 11.23 | 240.00|240.00(240.00| 22.26 | 0.64 |240.00/239.97| 0.01 | 13.87 [239.97|240.00| 0.00
Bea no | 24.00 | 14.20 | 13.16 |240.00| 7.15 | 5.01 |239.89| 83.48 | 0.64 | 0.69 | 4.46 |240.00|240.00| 0.00
Bco |500.00| 27.43 | 31.58 | 57.11 | 28.27 | 27.91 | 108.65| 94.98 |500.00|500.00|370.30|500.00|500.00| 0.00
Buc |102.49| 38.38 | 48.83 |500.00| 18.88 | 24.47 |500.00| 60.98 |499.99|500.00|119.59|499.99|500.00| 0.00
Bno 0.00 | 36.22 | 20.11 |111.31| 15.11 | 30.09 [500.00| 48.04 |500.00| 63.69 | 45.38 | 16.56 |500.00| 0.00
Ty |261.16|332.42|143.78|202.44|100.18|151.30|109.28|167.63| 77.43 | 248.61|853.65| 50.79 | 250.45| 191.3
Geold 129 | 112 | 114 | 112 | 111 | 1211 | 112 | 131 | 117 | 123 | 1.37 | 1.17 | 114 | 1.00
CSyc | 371 | 190 | 194 | 1.69 | 398 | 412 | 268 | 285 | 0.00 | 1.24 | 290 | 3.86 | 463 | 0.98
CSwo | 0.00 | 201 | 244 | 239 | 399 | 254 | 039 | 1.17 | 470 | 1.73 | 1050 | 3.57 | 0.92 | 3.53
Mo | 46.44 | 99.77 | 99.76 | 99.86 | 99.98 | 99.86 | 97.69 | 92.48 | 97.85 | 86.75 | 79.06 |100.00| 99.98 | 0.00
Myc | 53.29 | 98.47 | 99.77 | 99.60 | 99.94 | 99.81 | 96.61 | 92.09 | 97.13 | 87.01 | 74.62 | 99.96 | 99.53 | 0.00
Mo 0.00 | 71.52 | 94.75 | 94.55 | 99.84 | 99.81 | 55.58 | 69.01 | 80.61 | 41.24 | 28.28 | 100.00| 76.80 | 0.00
beo 0.18 | 024 | 030 | 0.14 | 0.06 | 0.06 | 0.39 | 050 | 050 | 0.50 | 0.50 | 0.17 | 0.04 | 0.00
Cco |1999| 211 | 046 | 099 | 1.24 | 0.77 | 0.35 | 0.08 | 19.99 | 19.99 | 3.37 | 3.22 | 0.03 | 0.00
by 0.08 | 0.08 | 0.10 | 0.07 | 002 | 0.02 | 0.15 | 0.39 | 0.19 | 051 | 098 | 0.05 | 0.02 | 0.00
Cqc | 4999| 159 | 001 | 0.02 | 0.30 | 0.34 | 0.00 | 0.00 | 1.02 | 0.00 | 0.00 | 0.14 | 0.00 | 0.00
byo | 1074 | 254 | 1.71 | 201 | 055 | 0.61 | 555 | 420 | 5.76 | 588 | 20.00| 0.90 | 1.10 | 0.00
CnO 469 | 277 | 151 | 259 | 230 | 299 | 212 | 291 | 0.00 | 410 | 0.20 | 0.00 | 5.00 | 0.00
y 1.00 | 060 | 0.16 | 0.26 | 0.12 | 0.17 | 0.37 | 0.81 | 0.00 | 1.00 | 0.10 | 0.00 | 0.63 | 0.00
[0} 124 | 119 | 124 | 124 | 122 | 123 | 125 | 131 | 116 | 1.24 | 1.39 | 1.26 | 1.18 | 1.00
Peae | 1.313 11019 | 1.162 | 1.329 | 1.269 | 1.53 | 1.272 | 1.196 | 0.716 | 1.152 | 0.128 | 1.431 | 1.689 -

Table 4.4. (continued) Composite vehicle model input parameters (categories 13-40). See Table 4.1 for a
description of the category types.
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Figure 4.12b. Measured Fuel Economies of Recruited Diesel Vehicles.

MY | Make Test# Model Body Engine Cyl. Liter Tran Wt Odom HC CO NOx
Type Type (Ib.)  (mile) (g/m) (g/m) (g/m)
95| Ford 400 F-3504x4 Reg.Cab Navistar V8 7.3 A4 7,000 37,533 201 096 7.01
87| Ford 401 F-250TBPU Sup.Cab Navistar V8 69 A4 6,600 81,898 135 052 6.49
90 [Dodge 402 250PU 4x4 Reg.Cab Cummins 16 59 A4 6,900 118,557 1.77 117 0.49
92 [Dodge 403 Ram250LE Reg.Cab Cummins 16 59 A4 6,100 55,738 124 071 332
95 [Dodge 404 Ram2500 Reg.Cab Cummins 16 59 A4 6,100 36,603 140 051 8.19
86| Ford 405 F-250PU Sup.Cab Navistar V8 69 A3 6,600 61,283 170 0.64 4.20
97 |[Dodge 406 RAM 2500 Reg.Cab Cummins 16 59 A4 6,100 29851 136 053 6.40
96 | Ford 407 F-3504x4 CrewCab Navistar V8 7.3 A4 7,600 39844 127 055 457
86| Ford 408 F-3504x2 Sup.Cab Navistar V8 69 A3 7,500 72,684 106 065 7.21
83| Ford 409 F-3504x2 Reg.Cab Navissar V8 6.9 A3 6,600 72426 238 095 6.63
MY Make Test# Model MPG HP RPM Tmax RPM Trlhp N/V
95 Ford 400 F-350 4x4 18.1 210 3000 425 2000 219 313
87 Ford 401 F-250TBPU 164 180 3300 345 1400 21.0 313
20 Dodge 402 250 PU 4x4 191 160 2500 400 1750 20.8 28
92 Dodge 403 Ram250LE  19.2 160 2500 400 1750 22.6 28
95 Dodge 404 Ram 2500 19.6 160 2500 400 1750 21.0 28
86 Ford 405 F-250 PU 16.5 180 3300 345 1400 18.0 313
97 Dodge 406 RAM 2500 17.7 215 2600 440 1600 21.0 28
96 Ford 407 F-350 4x4 17.1 210 3000 425 2000 219 313
86 Ford 408 F-350 4x2 141 180 3300 345 1400 21.0 313
83 Ford 409 F-350 4x2 16.1 180 3300 345 1400 18.0 31.3

Table4.5. Characteristics of ten Tested Diesel Trucks.
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4.12.1 Model Structure

At this preliminary stage, the diesel model development assumes that there are no emission
aftertreatment components, i.e., that tailpipe emissions are the same as engine-out emissions. Since the
developed diesel emissions model doesn’t include these aftertrestment components (e.g., catalytic
converter), the structure of the model is simpler than the gasoline counterpart. However, it uses asimilar
load-based physical modeling methodology that includes modules that estimate components such as
power demand, engine speed, fuel rate, and engine-out (tailpipe) emissions. Due to the unique nature of
diesel engines, thereisn’'t acomplex air/fuel control module as with gasoline engines.

The major differences between the diesel emissions model and the gasoline engine counterpart lie in its
fuel consumption and engine-out emission modules, as well as some key engine and fuel parameters to
reflect specific diesel engine/fuel properties. Both soak-time functions and enleanment HC emission
modules remain the same. In summary, the key modifications from a gasoline-based vehicle emission
model to a diesel-based vehicle emission model are listed as follows:

+ fuel rate module was revised;

e engine-out emission module was revised

e cold-start module for CO emissions was revised;

» key engine/fuel parameters have been modified to reflect specific diesel engine/fuel properties;

* thereisno air/fuel ratio module (including enrichment events); and

» thereisno catalyst modeling.

Figure 4.13 shows the simplified model structure of the preliminary diesel vehicle modal emissions
model.

@
—*| ENGINE SPEED

(N)

(A) INPUT
OPERATING

VARIABLES ENGINE-OUT
Po(vlv)ER ?) EMISSIONS
&
FUELRATE |—» @
DEMAND ) R ENGINE- FUEL RATE
~~~~~~~ ouT L »
(B) MODEL EMISSIONS

PARAMETERS

P e T

D

Figure 4.13. Model structure for the preliminary diesel vehicle modal emissions model

The diesel fuel consumption module was modified as follows:
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P, 1
FR=(KINIV +—)——[{1+b, [N-N_)?
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N0:3O g
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where FR is fuel use rate in grams/second, P is engine power output in kW, K is the engine friction
factor, N is engine speed (revolutions per second), V is engine displacement (liter), and 7 =0.45 is a
measure of indicated efficiency for diesel engine. b, = 10 and C = 0.00125 are coefficients; 43.2 kJ/g
isthe lower heating value of atypica diesel fuel.

Preliminary analysis had shown that there is a strong correlation between fuel use and engine-out
emissions. Thus, the CO, HC, and NO, emission rates are estimated as:

CO = a*FR + C,

HC = a,*FR + r

NO, = a*FR + 1,
where, a.., a,., 3, and Co, 1., 'no are engine-out emission coefficients determined by regression and
calibration procedures.

In order to determine these coefficients, a regression analysis for diesel emissions against fuel rate was
performed for these diesel trucks using data from both the FTP and MECOL cycles. Figure 4.14 shows an
example regression analysis for vehicle 405 (1986 Ford F-250).
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Figure 4.14. Regression Analysis for Diesel Vehicle 405 (1986 Ford F-250).
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Table 4.6 summarizes the results for all tested diesal vehicles.

MY Make Test#| Mode aco Co Reo  auc Mic Ruc  awo o  Ro
95 Ford 400 | F-3504x4 0.0047 0.0039 0.1691 0.0006 0.0033 0.4516 0.0418 0.0037 0.9019
87 Ford 401 |[F-250TB PU 0.0067 0.0009 0.6077 0.0026 0.0017 0.8363 0.0291 0.0082 0.8612
90 Dodge 402 | 250 PU 4x4 0.0045 0.0040 0.4859 0.0021 0.0038 0.4440 0.0435 -0.0111 0.8550
92 Dodge 403 |Ram250LE 0.0023 0.0033 0.5125 0.0011 0.0023 0.5172 0.0449 -0.0040 0.8768
86 Ford 405 F-250 PU 0.0089 0.0010 0.6678 0.0035 0.0021 0.8649 0.0081 0.0087 0.7266
97 Dodge 406 | RAM 2500 0.0021 0.0017 0.4300 0.0007 0.0012 0.2478 0.0319 0.0020 0.8870
96 Ford 407 | F-3504x4 0.0034 0.0027 0.1294 0.0003 0.0018 0.6692 0.0283 0.0003 0.8201
86 Ford 408 | F-3504x2 0.0063 0.0022 0.7220 0.0023 0.0022 0.4294 0.0295 0.0139 0.7478
83 Ford 409 | F-3504x2 0.0083 0.0086 0.6295 0.0027 0.0031 0.3727 0.0257 0.0072 0.7704
Average 0.0052 0.0031 0.4838 0.0018 0.0024 0.5370 0.0314 0.0032 0.8274

Table 4.6. Regression Coefficients of Tested Diesel Trucks.

Table 4.6 indicates that, generally speaking, there are strong correlations between engine-out emissions
and fuel rate. This is especialy true for NO, emissions, where the correlation coefficient (R?) values
ranges from 0.75 to 0.90 for these vehicles.

Unlike gasoline vehicles, there is no enrichment during cold-start, thus the cold start engine-out CO
emission (ECO) module has been modified as follows:

ECOpyq (1) = 1+ (CSgo —1) * T‘?'_T—Ts“(t) )* ECO(t) If T, (1) <T,

cl

where CS is the cold-start engine-out CO emission multiplier. Cold-start engine-out HC and NO,
emissions have a similar formula.

4.12.2 Preliminary Diesel Model Results

The calibration procedure for diesel emission model is very similar to (somewhat simpler) the gasoline
emission model. This is because the diesel emission model doesn't include the complicated air/fuel
control and catalytic converter modules with their related parameters.

The methodology for creating a composite diesel vehicle is same as the composite gasoline vehicles. We
have generated both composite emission traces and composite parameters for these ten diesel vehicles.

Table 4.7 lists the summary results of a comparison between the modeled and measured emission factors
for composite diesel trucks, under FTP 3 Bag and MECO1 cycles.

Table 4.7 shows that, for the composite diesel vehicles, the percentage differences between the modeling
and testing results range from -19% to +14% for all pollutants under the FTP and MECO1 cycles.

It is important to note that this preliminary diesel modal emission model is only based on ten tested

vehicles, a much greater number of diesel vehicles (cars and trucks) must be tested and the model must
be refined and developed further. Thisis a subject of future work.
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CO,(gm)  NOc(g/m)  CO (g/m) HC (g/m)

FTPBag1

M easured 553.5 6.34 1.78 0.68
M odeled 474.4 7.46 1.77 0.67
Diff (%) 14.3 -17.7 0.1 0.0

FTPBag 2

M easured 509.1 472 1.61 0.84
M odeled 508.3 5.63 1.59 0.85
Diff (%) 0.2 -19.3 1.2 -1.4

FTPBag 3

M easur ed 452.0 4,96 1.31 0.59
M odeled 416.0 4.62 1.22 0.61
Diff (%) 8.0 6.8 6.7 -3.4
MECO01

M easured 472.6 493 1.49 0.57
M odeled 424.2 4.49 1.16 0.52
Diff (%) 10.2 8.9 221 9.2

Table4.7. Results of the Modeled and Measured Emission Factors for Composite Diesel Trucks.
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413 DEFINING TYPESOF HIGH EMITTERS

As discussed in Chapter 1, several independent analyses have found that about half of the on-road
emissions by automobiles may be from the small fraction of vehicles that are high emitters [Stedman,
1989; Lawson, 1990; Stephens, 1994; CARB, 1994]. Although there are many potential technical causes
of failed or malfunctioning emissions controls, there has been relatively little study of the distribution of
these technical causes in the fleet of in-use vehicles [CARB, 1996; McAlinden, 1994; Soliman, 1994].
Probably the most useful work is a comprehensive analysis of several datasets on the effectiveness of
repairing specific components, which identifies components most likely to fail [Heirigs et a., 1996; API,
1996].

In the nature of investigations of high-emitters, the emphasis has been on carbureted vehicles and early-
model fuel-injected vehicles. In this project, we primarily focus on newer model years, presenting
information on vehicles with sophisticated computer-controlled fuel-injected engines.

4.13.1 Characterizing High Emitters

As specified in Chapter 3, suspected high-emitting vehicles were recruited and tested based on a number
of different methods. Based on their FTP bag emission results, the vehicles were classified either as high
emitting or normal emitting using a set of cutpoints. The high emitting vehicles were classified into
different categories, based on the same approximate characteristics used in classifying normal emitters,
such as emission/fuel control technology and emission certification level (e.g., Tier O, Tier 1). However,
these categories did not work well, simply because the vehicles in the groups had very different emission
characteristics. It made more sense to regroup the vehicles based on the physical mechanisms of emission
control system (ECS) failure. (Note that careful inspection of the tested vehicles by a professional
mechanic was not a part of this NCHRP project.)

To address the issue of real-world frequency of the high emitters, we categorize the several types of high
emitters measured in the project according to their emissions characteristics, and make a correspondence
between these types of high emitter and the distribution of high emitters with similar tailpipe-emission
profiles observed in Arizona's on-going I/M program. The Arizona program covers essentially all light-
duty vehicles in the Phoenix area (although the number of high emitters may be underestimated because
there is a tendency for people to not register their vehicles, or register them elsewhere, if they think that
they won't pass the I/M test [Stedman, 1997]). We thus determine weights to assign to the NCHRP high-
emitter types which may reasonably reflect the representation of those kinds of high emitters on the road.

We focus our study on vehicles which are high emitters in low- to moderate-power driving. An example
of what we call moderate power is a 50 mph cruise on alevel road without unusual load, but with throttle
fluctuations. Such a power level requires afuel rate of about 0.7 grams per second for small sedans, and
about twice that for large sedans and most light trucks. This power level is characteristic of the IM240
driving cycle used in the Arizona I/M program and the 505-second cycle used for bags 1 and 3 of the
FTP, as shown in Table 4.8. Such moderate power modes are aso found in the CE-CERT modal cycle,
MECO1. The maximum fuel rates achieved in throttle fluctuations during the MECO1 are also shown in
parentheses and are seen to be less than the maximain the regulatory cycles.

* This section is slightly adapted from Wenzel and Ross, 1998 (SAE 981414).
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mode Average Average (Maximum) Fuel Average (Maximum) Fuel
speed Rates (g/s) Rates (g/s)
(mph) small sedan large sedan
MECO1 cycle
low power 20, 35 0.4 (0.7) 0.6(1.2)
mod. power 50 0.7 (1.1) 1.3(2.0
IM240 0.7(2.1) 1.2 (35)
FTPBag2 0.4 (1.3 0.8(2.2
FTPBag 3 0.6 (2.1) 1.0(3.5)

Table 4.8. Modes of the MECO1 considered

We compare emission rates in the MECO1 cycle and Arizona IM240 measurements (as well as referring
to analyses of earlier FTP measurements). As seen in Table 4.8, the average and maximum power levels
in FTP bag 2 are substantially less than in the IM240 cycle, while bag 3 and IM240 have similar power
levels. On the other hand, bag 3 starts after a 10-minute soak which modestly increases CO and HC totals
for the bag. The IM240 is supposed to begin with the vehicle hot, but there is evidence that in practice
vehicles often may have cooled off somewhat or the engine block may not have been fully warmed up
[Heirigs, 96]. Power levels and vehicle conditioning in the selected modes of the MECO1 shown in Table
4.8 are most comparable to those of FTP bag 3 and the IM240 cycle.

Emissions Behavior in Closed-Loop and Command Enrichment

Accurate control of the fuel-air ratio in closed-loop operation is critical to effective emissions control. It
islikely that most high emitters among MY 1990 and later vehicles are caused or created by some form of
fuel-air ratio control problem.

In closed-loop operation with a three-way catalyst, the electronic control module manages the injection
of fuel so as to essentially maintain stoichiometry (the optimum ratio of air to fuel, about 14.7:1) to
maintain combustion while minimizing emissions. In vehicles with three-way catalysts, the ratio is made
to swing back and forth between dightly rich and dlightly lean, at about one Hz or faster, in order to
automatically adjust the oxygen level on catalyst surfaces so that exhaust CO and HC are oxidized while
NO is simultaneously reduced. The time dependence of the fuel-air ratio in atypical properly-functioning
vehicle is schematically shown in Figure 4.15. As shown, for proper operation the fuel-air ratio oscillates
around stoichiometric:

[k@> - 10< AQ. (4.13.1)

Here, @ is the fuel-air ratio compared to its stoichiometric value. In fact, it should hold with substantial
overlap. For many vehicles with malfunctioning ECS the fuel-air management isn't working properly, so
this inequality doesn’t hold, even at moderate power. In these conditions, the vehicle is likely to be a
high emitter.

In Table 4.9, six emissions ratios measured in the NCHRP project are shown with typical values that
have been observed for modern properly functioning vehicles in hot-stabilized operation (specificaly,
MY 91-93 vehicles tested by manufacturers as part of the FTP Revision Project [Goodwin, 96; Goodwin,
97]). We distinguish three fuel-air ratio regions: stoichiometric, where equation (4.13.1) is satisfied; rich,
where @ > 1 beyond that described by Figure 4.15; and lean, where ¢ < 1 beyond that described by Figure
4.15.
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Figure 4.15. Illustrative Example of Oscillations in Fuel-Air Ratio in Closed-Loop Operation.

Variable Stoichiometric Range Range with Enrichment

EICO = 0.08 0.1to approx. 1.0

EIHC = 0.015 = 0.015

EINOx < 0.05, lower at low power < 0.05, declines with enrichment
CPFCO < 01 quickly - 1.0

CPFHC < 01 gradualy - approx. 0.7
CPFNOXx 0.02t00.2 quickly — approx. 0.7

Table 4.9. Average Emission Ratios for Low-Emitting V ehicles, Stoichiometric and Rich Operations.

In stoichiometric operation one observes that:

e The CO emission index, or EICO (the ratio of mass of CO that leaves the engine to fuel input mass),
varies around 0.08, from approximately 0.02 to 0.15.

e EIHC depends somewhat on details of engine design and fuel and lubricant composition, since it
comes from cylinder surfaces and crevices; but it lies between 0.01 and 0.02 in rich as well as
stoi chiometric operation.

« EINOX, the engine-out NOx-to-fuel mass ratio, varies with power and with EGR system. The typical
maximum value observed is 0.05.

* We designate catalyst activity using catalyst pass fractions, or CPFi: the mass ratio of pollutant i
output from the catalyst to pollutant i input to it (i.e. the tailpipe to engine-out ratio). The three
catalyst pass fractions vary considerably from one vehicle model to the next and with the details of
operation.

In high-power operations, most vehicles command fuel enrichment; i.e. the fuel-air control system goes
open loop and ¢ is commanded to be in a range roughly 1.05 to 1.20 (i.e. 5 to 20 percent rich). Since
command enrichment results in massive increases in tailpipe CO emissions and some increasein HC, and
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will, moreover, be coming under regulation with the Supplemental FTP, manufacturers have begun to
reduce the use of this technique.

The emissions ratios behave in predictable ways when the fuel-air ratio goes rich (right-hand column,
Table 4.9):

e EICO increases strongly with enrichment (as shown by the equation 4.12.2, below); CPFCO is
sensitive to even slight enrichment and increases rapidly toward 1.0 with increasing enrichment.

e EIHC is essentialy independent of enrichment as such because at the high cylinder temperatures
excess fuel is converted to CO and H2; however, it increases due to other kinds of incomplete

combustion, such as from cylinder misfire. CPFHC increases dowly with increasing enrichment.

* EINOx is moderately suppressed by the cooling effect of enrichment; CPFNOx may be reduced with
slight enrichment, but increases rapidly with stronger enrichment in most modern vehicles (although
it does decline in afew models).

In decelerations during closed-loop operation the fuel-air ratio often goes lean, often very lean in major
decelerations. Lean excursions are normal, although large engine-out HC puffs may occur. If catalyst
performance has deteriorated, then tailpipe HC puffs associated with these lean excursions can be
substantial [An et al., 1998].

Fuel-Air Ratio Data

As suggested by Figure 4.15, ¢ (the fuel-air ratio relative to stoichiometric) would need to be known to
much better than 2% accuracy to be useful for our purposes here. Fuel-air ratios based on emission
measurements and chemistry are not accurate enough for this purpose. For this reason we use the
emissionsratios listed in Table 4.9 asindicators of improper fuel management.

As an aternative to calculating ¢ from tail pipe measurements and chemistry, one can estimate it from a
linear formulafor EICO:

EICO = 0.08 + 3.6(1 - 1/g), or
@=1+ (EICO - 0.08)/(3,5 - EICO) (4.13.2)

It islikely that @ calculated using equation 4.13.2 is hot grossly in error. Equation 4.13.2 is not however
useful in lean conditions.

Definition of High and Low Emitters

For this particular analysis, we define high emitters as vehicles which exceed FTP bag 3 emissions
cutpoints in grams per mile (gpm); the selected cutpoints are shown in Table 4.10 below. With the
chosen cutpoints, high emitters exceed the emissions of typical properly-functioning MY 1990-1993
vehicles by more than afactor of about 2.5. These are rather low cutpoints for “high emitters’; we choose
them because MY 90 and later high emitters proved hard to recruit for testing.

For our analysis we also need cutpoints below which we consider a vehicle to be alow emitter. For this
purpose we examine three sets of measurements, as summarized for cars in Table 4.10. The
measurements are: 1) NCHRP, for MYs 90-93 measured in 1996-97 (mostly California cars). We
calculate average emissions for properly-functioning cars by excluding the 10% highest emitters. 2) FTP
Revision Project measurements on new MY 91-94 49-state vehicles with 50,000 mile laboratory-aged
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catalysts [Haskew, 94]. 3) American Automobile Manufacturers Association in-use survey of MY 1991-
92 cars with odometer readings from 40,000 to 60,000 miles, measured in 1995-96 [Haskew, 97]. Again,
we take the average emissions of the 90% cleanest cars (sorted for each pollutant separately).

dataset MYs na COo HC NOx
NCHRP 1990-93 24 2.7 0.22 0.35
FTP-RP 1991-94 23 15 0.16 0.33
AAMA in-use 1991-92 57 25 0.21 0.22

a) number of vehicles measured in the subset considered. See text for definition of each subset
Table 4.10. Emissions from Properly-Functioning Cars at 50,000 milesin Three Studies: FTP Bag 3 (gpm).
The low cutpoints adopted are shown in Table 4.11. We regard these low cutpoints to be representative

of properly functioning in-use vehicles at 50,000 miles and age 4 to 5 years. Roughly two-thirds of
properly functioning vehicles will emit less than the low-emitter cutpoints chosen.

CO HC NOx
Low Emitters
cars 3 0.2 0.4
trucks 4 0.3 0.7
High Emitters
cars 6 0.5 1.0
trucks 10 0.8 15

Table 4.11. Cutpoints for High and Low Emitting Vehiclesin the NCHRP Project: FTP Bag 3 (gpm).
4.13.2 High-Emitter Types
Below we consider the four types of high emitters observed in NCHRP project measurements.
Type 1. Operates Lean at Moderate Power

In the first type of high emitter, the fuel-air ratio is chronicaly lean or goes lean in transient operation
calling for moderate-power. An average 2% or more lean is likely to saturate the catalyst with oxygen.
Examples from the NCHRP data are vehicles 103 (1993 Sundance), 202 (1997 Windstar), and 295 (1990
Chevrolet Astro).

The characteristics of the six ratios for vehicle 202 at low and moderate power are shown in Table 4.12.
The effect on the CPFs is striking, while that on the engine-out emissions is slight. While vehicle 202
operates consistently lean, vehicle 103 goes lean in moderate-power transients (i.e. with throttle
fluctuation). Vehicle 295 also goes lean during transients, and shows considerable catalyst deterioration
aswell.

Variable Range, Comment

EICO = 0.08 or less, normal

EIHC = 0.02, normal

EINOXx < 0.1, slightly > normal

CPFCO = 0.01, almost zero, < normal
CPFHC = 0.01, almost zero, < normal
CPFNOXx roughly 0.5 to 1.0, much > normal

Table 4.12. Average Emission Ratios at Moderate Power for Type 1 (Vehicle 202).
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The behavior of a high NOx emitter over a portion of the MEC (Figure 4.16a) is compared with that of a
norma NOx emitter (Figure 4.16b). The tendency of vehicle 202 to run lean for long stretches is seen in
Figure 4.16a. In driving at 50 and 65 mph, phi is frequently about 0.9, and the tailpipe NOx rate is high,
reaching 0.1 or 0.2 grams per second. Vehicle 136, a normal NOx emitter, operates at stoichiometry
during the cruise sections, resulting in very low tailpipe NOx levels. (The strong acceleration at
approximately 110 to 120 seconds involves power beyond FTP levels which we do not consider here.)

The FTP bag 3 tailpipe emissions profile for these vehicles is shown in Table 4.13: very high NOx
tailpipe emissions, and low CO and HC emissions, relative to emissions of clean vehicles. The profileis
in the form of CO/HC/NOXx levels in terms of the two cutpoints for each, with L, M and H standing for:
below the low cutpoint, medium or in between, and above the high cutpoint, respectively. The low and
high cutpoints for trucks are shown for comparison, from Table 4.11.

CO HC NOXx profile
test vehicle 103 (car) 17 0.05 11 LLH
test vehicle 202 (truck) 0.4 0.04 29 LLH
test vehicle 295 (truck) 4.0 0.90 1.8 MHH
low-emitting trucks 4 0.3 0.7
high-emitting trucks 10 0.8 15

Table 4.13. FTP Bag 3 gpm Tailpipe Emissions for Type 1 Vehicles, and Truck Cutpoints.

A physical failure mechanism leading to Type 1 behavior is not so easy to pinpoint. Improper signal
from the oxygen sensor or improper functioning of the electronic engine control are possibilities.
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Figure 4.16a. Vehicle 202 (High NOx Emitter): Fuel Rate, Tailpipe NOx, and Phi
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Figure 4.16b. Vehicle 136 (Normal NOx Emitter): Fuel Rate, Tailpipe NOx, and Phi
Type 2. Operates Rich at Moderate Power

In the second type of high emitter, the fuel-air ratio is chronically rich or goes rich in transient moderate-
power operation. The EIHC remains normal. Under these conditions, the CO emission index and catalyst
pass fraction are high, resulting in high tailpipe CO emissions. Examples from the NCHRP testing are
three cars, 113 (1990 Sentra), 125 (1990 Spirit), and 136 (1993 240 SX).

The measurements on vehicle 113 at low and moderate power are summarized in Table 4.14. The high
EICO and CPFCO occur in moderate-power transients (i.e. with throttle fluctuation). Relative to properly
functioning vehicles, EIHC is unaffected and EINOx is slightly low. The behavior of vehicle 136 is
similar. Vehicle 125 shifts from stoichiometric to steady highly-enriched operation for long periods in a
manner apparently unrelated to the driving. Vehicles 43 and 277 show transient enrichment, but their
strong deterioration of catalyst performance leads us to categorize them as Type 4 below.

Variable Range, Comment

EICO > 0.15, 2 or more times normal
EIHC = 0.015, normal

EINOx = 0.02, < normal

CPFCO roughly 0.5 to 1.0, much > normal
CPFHC = 0.05 to 0.2, somewhat > normal
CPFNOx = 0.01, <normal

Table 4.14. Emission Ratios at Moderate Power for Type 2 (Vehicle 113)
The behavior of a high CO emitter over a portion of the MEC (Figure 4.17a) is compared with that of a

normal CO emitter (Figure 4.17b). The tendency of vehicle 136 to run somewhat rich when there are
throttle variations at moderate power is shown in Figure 4.17a in the 60- to 75-second segment, where
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EICO reaches levels of 0.2 to 0.3. The great sensitivity of CPFCO to these rich excursionsis evident. A
norma CO emitter, vehicle 103 (Figure 4.17b) shows much lower EICO and CPFCO in this segment of
the MEC. (Again we do not focus on the strong accelerations at the beginning and end of the sequence
shown.)

The FTP bag 3 tailpipe emissions profile for these vehiclesis shown in Table 4.15: high CO, and low to
medium HC and NOX, relative to emissions of clean vehicles. (For car 113, the CO is taken as high
athough the measurement comes in slightly below the high cutpoint.)

There are many possible failure mechanisms resulting in enrichment during closed loop operation;
however the mechanism here must also leave the engine-out HC emissions index in its normal range of
0.01to 0.02. Thus there can be enrichment but not misfire. One example that meets the characteristicsis
aleaking exhaust line which brings in oxygen before the oxygen sensor, resulting in the sensor calling for
more fuel from the injectors.

CO HC NOXx profile
test vehicle 113 (car) 5.9 0.21 0.24 HML
test vehicle 125 (car) 6.4 0.34 0.57 HMM
test vehicle 136 (car) 6.8 0.17 0.17 HLL

Table4.15. FTP Bag 3 gpm Tailpipe Emissionsfor Type 2 Vehicles
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Figure 4.17b. Vehicle 103 (Normal CO Emitter): Fuel Rate, Engine Out CO and CO Catalyst Pass Fraction.

Type 3. High Engine-Out Hydrocarbon Emissions I ndex

The third type of high emitter involves a high engine-out emission index for HC and mild enrichment, as
evidenced by high EICO and CPFCO. Catalyst performance is also poor. Examples are vehicles 178
(1992 Chevy S10 pickup), 209 (1994 Dodge Caravan), and 273 (1992 Chevy Corsica). The
characteristics of vehicle 209, whose second-by-second EIHC is consistently high, are shown in Table
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4.16.
Variable Range, Comment
EICO > 0.15, 2 or more times normal
EIHC = 0.15, roughly 10 times normal
EINOx = 0.02, < normal
CPFCO roughly 0.5 to 1.0, much > normal
CPFHC = 0.05 to 0.2, dlightly > normal
CPFNOXx = 0.01, essentially zero

The characteristics of vehicle 178 are shown in Table 4.17. In this case, high EIHC is a transient effect,

Table 4.16. Emission Ratios for Type 3 (Vehicle 209)

with puffs of HC every time the fuel-air ratio declines, even in cases where it remainsrich.
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Variable Range, Comment

EICO = 0.15, dightly over normal
EIHC = 0.05, roughly 3 times normal
EINOx < 0.02, < normal

CPFCO roughly 0.5, much > normal
CPFHC =0.1t0 0.3, > normal
CPFNOx = 0.5, much > normal

Table4.17. Emission Ratios for Type 3 (Vehicle 178)

The behavior of a high HC emitter over a portion of the MEC (Figure 4.18a) is compared with that of a
norma HC emitter (Figure 4.18b). The tendency of vehicle 178 to have HC emissions indices exceeding
0.1 at times other than major decelerations is shown in Figure 4.18a. The effect seems to be associated
with throttle fluctuations between seconds 70 and 80 of the MEC (the relatively low EICO values at these
times suggest that the increase in EIHC is not due to enrichment; an example of enrichment can be seen
between seconds 40 and 45, at the end of an acceleration). Figure 4.18b shows that a properly-
functioning engine of current technology maintains EIHC in the 0.01 to 0.02 region, except after major
accelerations or decelerations. (The figure also shows small EIHC excursions above this value during
transients.)

The FTP bag 3 tail pipe emissions profile for these vehicles is shown in Table 4.18: moderate to slightly-
high tailpipe CO, very high HC, and moderate to low NOXx relative to properly-functioning vehicles. The
key aspect of the profile isthe very high HC.
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Figure 4.18a. Vehicle 178 (High HC Emitter): Fuel Rate, Engine Out CO and HC.
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Figure 4.18b. Vehicle 295 (Normal HC Emitter): Fuel Rate, Engine Out CO and HC.

Cco HC NOXx profile
test vehicle 178 (truck) 45 12 0.8 MHM
test vehicle 209 (truck) 114 21 0.06 HHL
test vehicle 273 (car) 9.8 1.7 0.9 HHM

Table 4.18. FTP Bag 3 gpm Tailpipe Emissions for Type 3 Vehicles

Excess EIHC is probably caused by incomplete combustion in one or more cylinders, from a physica
mechanism such as a bad spark plug or partial obstruction of an injector resulting in too little fuel
injected into the cylinder. There are many possible mechanisms. Oxygen levels in the exhaust are
observed to be correspondingly high (2.5 grams of excess oxygen per gram of excess engine-out fuel).
Catalyst performance is aso poor, and not only when EIHC is high. Perhaps the catalyst deterioration
results from the history of high engine-out HC emissions.

Type 4. Poor Catalyst Performance for All Three Pollutants at Moderate Power

High tailpipe emissions of all pollutants typify Type 4 high emitters. This type involves more than one
behavior, with 1) chronically poor catalyst performance, due to burned-out or missing catalyst, or 2)
transiently poor catalyst performance, e.g. a catalyst pass fraction of 0.3 or more in moderate-power
driving. Type 4 malfunction is distinguished from Type 3 because EIHC is normal, or only slightly high,
and from Type 1 because there is no or only slight enrichment at moderate power.

We consider seven examples of this type. Two vehicles, 42 (1990 Grand Am) and 71 (1992 Coroalla),
have burned-out catalysts. Five, 43 and 150 (1992 Dakotas), 77 (1992 Tercel), 254 (1992 Elantra), and
277 (1992 VW Fox) are more complex examples of poor, highly-variable, catalyst performance;
emissions characteristics for three of these vehicles are shown in Table 4.19. Vehicles 77 and 150 are
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similar in their relatively good fuel control and norma EIHC. Vehicle 43 and especially 254 and 277
have poor fuel control. Vehicle 277 could be classified as Type 2, with its considerable transient
enrichment. Vehicle 254 could be classified as Type 3, being somewhat similar to 178; its EIHC is about
twice normal.

Variable Range, Comment

EICO up to 0.15, normal or dightly higher
EIHC up to 0.025, normal or dightly higher
EINOx < 0.05, normal

CPFCO 0.310 0.6, well above normal
CPFHC = 0.2 or 0.3, above normal

CPFNOXx 0.2t0 0.6, well above normal

Table 4.19. Emission Ratios for Type 4 (Vehicles 43, 77 & 150)

The behavior of avehicle with high emissions of all pollutants over a portion of the MEC (Figure 4.199)
is compared with that of a normal emitter (Figure 4.19b). Figure 4.19a illustrates strong if variable
catalyst deterioration for vehicle 254, with CPFs of about 0.4 in moderate driving. This deterioration
does not seem to be caused by excursions in phi, although we cannot be sure because the measurement of
phi may not be accurate enough for this purpose. In contrast, Figure 4.19b shows that a normal emitter
(vehicle 248) has CPFs of essentially zero in the same segment of the MEC (athough CPFs do increase
with excursions in phi).
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Figure 4.19a. Vehicle 254 (High CO, HC, and NOx Emitter): Phi and CO, HC, and NOx CPFs.
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The FTP bag 3 tailpipe emissions profile for al of these vehicles is shown in Table 4.20: in ailmost all
cases all three pollutants are high, relative to clean car levels.

Cco HC NOx profile
test vehicle 42 (car) 11.6 21 54 HHH
test vehicle 43 (truck) 104 0.7 25 HMH
test vehicle 71 (car) 9.2 1.6 1.9 HHH
test vehicle 77 (car) 7.1 1.0 17 HHH
test vehicle 150 (truck) 8.8 1.9 2.8 MHH
test vehicle 254 (car) 119 17 35 HHH
test vehicle 277 (car) 24.6 1.7 15 HHH

Table 4.20. FTP Bag 3 GPM Tailpipe Emissions for Type 4 Vehicles.

This type of high emitter may be associated with a burned-out catalyst, as observed in two of the vehicles
here; but transiently bad catalyst performance is also observed. It is difficult to distinguish between two
possible basic causes of the latter. The first involves greatly deteriorated performance of the catalyst,
presumably due to severe operating conditions in the past. A second possible cause is poor closed-loop
control of the fuel-air ratio, such that it doesn’'t conform to the needed pattern but at alevel of failure too
detailed to be observed directly here.

Summary
The CO/HC/NOx tailpipe-emissions profiles for the high-emitters measured in the NCHRP project,

using the cutpoints of Table 4.10 to define the boundaries for High, Medium and Low, are shown in
Table4.21. We include MMH vehicles as both Type 1 and Type 4 high emitters, as discussed below.
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High-Emitter Type CO/HC/NOXx profile
1: lean LLH, LMH, (MMH)
2:rich HML, HMM

3: misfire HHL, MHM, MHL, HHM
4 catalyst problem HHH, MHH, (MMH)

Table 4.21. High-Emitter Types by FTP Bag 3 Profile.

An essentia point is that these are general categories. Each “type” identified corresponds to more than
one detailed behavior; for example, we observe both transient and chronic behavior for each type. And
each type covers more than one disparate physical malfunction.

4.13.3 Emission Profilesin the Arizona | M 240 Data

Because the number and distribution of the high emitting vehicles recruited for testing under the NCHRP
project are not representative of the in-use fleet, we analyze data from the Arizona I/M program to get a
sense of the prevalence of each type of high emitter.

The IM240 test was recently introduced in several non-attainment areas, including the Phoenix area, as
part of an enhanced inspection and maintenance (I/M) program. The test involves a 4-minute
dynamometer cycle with speeds up to 57 mph, with an average speed of 30 mph. The IM240 power levels
are similar to those in FTP bag 1 or 3, and involve the same maximum specific power, as shown in Table
4.8. To reduce costs and waiting, the 240-second test is terminated early by the Arizona contractor for
vehicles with relatively low or high emissions. For short tests, we calculate an adjusted gpm; our
adjustment is different than that used in Arizona [Wenzel, 1997].

4.13.4 Development of Emission Profiles

Using the IM240 data, we create CO/HC/NOXx profiles based on high, medium and low categories for
each pollutant, as we did with FTP bag 3 measurements on the sample of NCHRP high-emitting vehicles.
The profiles again depend on choice of low-emitter and high-emitter cutpoints. (Because of differences
between the two measurement programs, as discussed below, these IM240 cutpoints are not the same as
those for the bag 3 measurements.) We consider several alternative sets of cutpoints; two of these sets,
which differ in the definition of high-emitters, are shown in Tables 4.22 and 4.23". Among MY 1990-93
cars as measured in 1995, the cutpoints of Table 4.22 yield 10% high emitters (vehicles with at least one
H); almost half of the non-high emitters are classified as LLL. The cutpoints of Table 4.23 yield 25%
high emitters.

CO (gpm) HC NOx
Range (gpm) (gpm)
high H >20 >1.2 >2.5
medium M 6to0 20 04-12 12-25
low L <5 <0.5 <1.2

Table 4.22. High High-Cutpoints for Profiling the IM240 High Emitters.

* The high cutpoints shown in Table 4.22 are the cutpoints currently in use in the Arizona |/M program for MY 1991
and newer cars. The high cutpointsin Table 4.23 are the final cutpoints originally proposed for the Arizona program
(and not adopted due to the finding of inconsistent vehicle preconditioning [Heirigs et a, 1996]).
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CO (gpm)  HC (gpm) NOx (gpm)
Range
high H >15 >0.8 >2.0
medium M 6to 15 04-0.8 12-20
low L <5 <0.5 <1.2

Table 4.23. Low High-Cutpoints for Profiling the IM240 High Emitters.

Almost all of the Arizona IM240 high emitters occur in eight profiles, depending on the choice of
cutpoints. The profile distributions found are shown in Table 4.24. With three pollutants and three
emissions levels, H, M and L, there are nineteen possible profiles of high emitters (i.e. vehicles with at
least one H). Just eight in Table 4.24 have an incidence of 5% or more; only 10% of the vehicles fall in
the other eleven profiles. A characteristic of most of the missing profilesis that they do not obey atight
correlation between CO and HC (independent of the NOx level).

The distribution of a sample of vehicles among the high emitter profiles is shown in Figure 4.20. The
vehicles al have at least one H, i.e. with one of the pollutants high. The dashed lines mark the boundaries
of the emitter profiles, using the cutpointsin Table 4.22. The lower left quadrant of the figures represents
the LLx emitter profile (low CO and HC, with unspecified NOx emissions), while the upper right
guadrant contains cars in the HHx profile. The three levels of NOx emissions are denoted in the figures
using different symbols. One sees patterns: 1) There are no HLx and few LHXx vehicles; i.e. HC and CO
are strongly correlated. 2) High CO is correlated with low-to-moderate NOx. 3) There is a group of
vehicles with high NOx and low-to-moderate CO and HC. These general tendencies are expected, but we
are surprised by their pervasiveness in a very large sample. Part of the explanation is that high CO only
occurs with enrichment, which enhances HC and suppresses engine-out NOX.
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Care must be taken in interpreting the figure, since the restriction of at least one H strongly influences its
appearance. Figure 4.21 is a similar scatterplot using the same cutpoints, but including vehicles with two
medium-level pollutants, in order to clarify the structure near the medium-to-high transition in HC for
medium CO. The distribution is smooth across this boundary. One sees, for example, that there are many
MML vehicles, with medium CO, but on the high side, which probably have similar malfunctions to
those classified asHML, i.e. with high CO.

40
o <1.2 gpmNOx . %
¢ 1.2-2.5gpmNOx

35 A >2.5 gpm NOx : ©

1030 cars (at least 2 Ms) oo

30 A

N
(&)
!

CO gpm (adjusted)
= N
(6] o

0.0 05 1.0 15 20 25
HC gpm (adjusted)

Figure 4.21. Distribution by Emission Profile (CO/HC/NOx), 1030 Carswith at Least 2 Ms.

4.13.5 Frequency of Occurrence of Typesof High Emitters

All but three of the eight important IM240 profiles (Table 4.24) are included in the list of profiles
identified among the NCHRP high emitters (Table 4.21); the three are MMH, LMH and MHL. The
differences between the two sets of percentages in Table 4.24 show where there are sensitivities to the
high cutpoints used.

High emitters from the NCHRP project (FTP bag 3) are plotted in Figure 4.22 for comparison with the

sample of the Arizona IM240 high emitters in Figures 4.20 and 4.21. Figure 4.22 has the same axis
scales as Figures 4.20 and 4.21, but the dashed lines reflect the lower cutpoints used for the FTP tests.
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Per cent high emitters

Profile: high low cutpoints®
CO/HC/NOx cutpointsP

HHH 1 3
HHM 5 S
HMH 0 0
MHH 11 18
HMM 2 1
MHM 17 12
MMH 20 10
HHL 10 10
HML 11 S
HLM 0 0
MHL 6 8
MLH 2 4
LHM 1 2
LMH 4 4
HLH 0 0
LHH 0 2
HLL 0 2
LHL 0 1
LLH 7 13

a) since we base the emission profile on our adjusted gpm results from the IM240 data, some cars classified as high
emittersin this analysis actually were passed by the AZ 1/M contractor (were passed in Phase 2 of test).
b) b) SeeTable4.22. c) SeeTable4.23.

Table 4.24. Distribution of High Emitters by Profile: Arizona IM240, MY 1990-1993 Corsa.

40
O Cars, Low NOx (<0.4 gpm)
< Cars, MediumNOx (0.4 - 1.0 gpm)
35 + A Cars, High NOx (>1.0 gpm)
® Trucks, Low NOx (<0.7 gpm)
30 | # Trucks, MediumNOx (0.7 - 1.5 gpm)
A Trucks, High NOx (>1.5 gpm)
25+ : A
g_ . . 277
(@]
O
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™
&
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1 A4 273
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136 ; 77 150
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5+ 1113 A150 178
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A
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Bag 3 HC gpm

Figure 4.22. Distribution by High Emitter Type, MY 90-96 Vehicles, 1996-97 NCHRP FTP.
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In Figure 4.23 we present rough boundaries for the IM240 profiles for the four types of high emitter
identified among the NCHRP vehicles. As seen, we assign about one-third of IM240 category MMH to
Type 4 and two-thirds to Type 1, all of LMH to Type 1, and al of MHL to Type 3. The resulting
frequencies as percentages of al high emitters are shown in Table 4.25.

40 :
o <1.2 gpmNOx -
¢ 1.2-25gpmNO ype 3: cylinder
35 | A >2.5gp misfire (high HC) ¢
278 cars (at least 1 H) o o
' < .
30 + { Type 2: uns rich (highB:
o Do .
825
[%2]
=
T
820 femmie N
£
o
)
O]
@)
""""""""" (high
00, HC, NOX)

20 25

HC gpm (adjusted)

Figure 4.23. Distribution by Emission Profile and Type, MY 90-93 Cars, 1995 AZ IM240.

High Per cent of

Emitter High All

Type Profile Emitters  Cars

1: RunsLean LLH, LMH, 24 24
(MMH)

2: RunsRich HML, HMM 13 1.3

3: Misfire HHL, MHM, 38 3.8
MHL, HHM

4: Bad HHH, MHH, 19 19

Catalyst (MMH)

Other high

emitters 5 0.5

Table 4.25. Distribution of IM240 Profiles of MY 90-93 Cars, Based on Cutpoints of Table 4.22.

These frequencies or weights are used in formulating the contribution of high emitters in the modal
model, as discussed below in Section 4.13.
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4.13.6 Caveat

There are severa important differences between IM 240 bag emissions as measured and those of FTP bag
3 analyzed above:

» Thesample of vehiclesis quite different. IM240 test results of over 135,000 MY 90-93 passenger cars
were analyzed; these vehicles represent roughly half of the registered vehicles in the Phoenix area
(the program is a biennial program, where testing is required every two years and upon vehicle sale).
These data are much more representative of the in-use fleet than the 300 vehicles tested under the
NCHRP program. In addition, the Arizona data are dominated by 49-state vehicles with somewhat
different emissions controls than for California vehicles. Moreover, the measurements in Arizona
used here were made in 1995, while those at CE-CERT were made in 1996-97. In addition, the
IM240 sample used consists of cars only, while the NCHRP data contains both cars and light trucks.

* The conditioning of the vehicles (i.e. the block and catalyst temperatures prior to testing) is
somewhat different. This is probably not a big effect for high emitters. As an extreme comparison,
when one compares the NCHRP FTP bag 2 and bag 3 data for high emitters one finds that bag 2 HC
and CO emissions are only moderately lower, in spite of the full warm-up and lower power
reguirements of bag 2.

* Most important, we are comparing carefully controlled FTP measurements carried out on 300
vehicles in a laboratory setting with relatively inexpensive measurements on over one hundred
thousand vehicles. The equipment and procedures are different; and we have found that it is not a
routine matter, even in their laboratory setting, to obtain accurate results. We find that the Arizona
IM240 measurements tend to exaggerate the emissions of low- and medium- emitting vehicles, a
subject we will explore in a different report. (This does not mean that the Arizona measurements fail
to satisfy their purpose, the identification of high emitters.)

* Another problem with the IM240 analysis is that about half of the IM240 tests analyzed were ended
after 31 seconds of driving, because the cars met low “fast pass’ emission cutpoints. And most of
those tested more than 31 seconds were aso given a shortened test. Only a small fraction of the
tested cars were given the full IM240 test; most of these cars were randomly recruited to receive the
full test. Although we make adjustments to make the shortened test emission results roughly
comparable to those of a full IM240 test, these adjustments are rather simplistic and may affect our
results.

All of these differences between the FTP and IM240 testing may affect the accuracy of mapping FTP
high emitter types to IM240 emission profiles.

4.13.7 Discussion

Generally speaking, the four types of high emitters identified from the emission ratios are roughly
equally represented in the Arizona I/M fleet. Type 1 (runs lean) occurs in 24% of high emitter vehicles
while Type 2 (runs rich) occurs in only 14% of high emitter vehicles. It is possible that there has been a
shift in the distribution of high emitters from high CO to high NOx emitters, as we have moved from
carbureted to sophisticated computer-controlled fuel-injected vehicles. Also, earlier I/M programs using
idle emissions tests virtually ignored NOx emissions, so high emitters may have been previously repaired
to reduce CO and HC at the expense of NOx emissions.

For many people, the study of emissions-control malfunction concerns component malfunction. While
our study does not directly address individual components, we do get some information on what
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components may affect the different types of high emitters. As just mentioned, we find that relatively
small fuel control deviations from stoichiometry characterize about 40% of the high emitters. Another
group (33%) can be roughly characterized as cylinder misfire (Type 3). Catalyst malfunction in the
absence of one of the other malfunctions (Type 4) has a relatively low probability at 19%. However,
catalyst malfunction is an important but subsidiary problem in many Type 2 and 3 vehicles. So the
statement that replacing the catalyst will improve the emissions performance in one-half or more of
vehicles is in agreement with our data. But the improvement might be temporary in many vehicles
because uncorrected conditions of frequent enrichment or misfire might cause swift catalyst degradation.

In the NCHRP sample, we did not find excessive lean operation to be associated with catalyst
degradation. We have not gone further in attempting to pinpoint component failures from the NCHRP
data. The data are rich; we hope that others will study them to discover more.

4.13.8 Limitations

There are several analytical and measurement limitations to this study of the occurrence of high emitters.
Most have been mentioned, but they are worth a reminder: @) Accurate measurement of fuel-air ratio is
difficult, so much of what we conclude about this critical aspect of emissions control isinferred. b) The
sample of NCHRP vehicles is small, and has been further sliced into many categories. To the extent
study results are as important as we think they are, this study should be followed up by one with
substantially more tests of modern high-emitters. ¢) Most of the measurements involved MY 1990-93
vehicles, which we have treated as a group. We have not examined changes in vehicular emissions
control technologies during the 1990s. d) The use of profiles involves cutpoints, with the attendant
sensitivity to choice of cutpoints. We have examined a few sets of cutpoints for the IM240 data and find
that the general results hold for these cutpoints. €) Verification of the accuracy of the IM240
measurements at high gpm levels needs to be improved.
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414 INCLUSION OF HIGH EMITTERSIN THE NCHRP MODAL MODEL

The goal of this section is to determine linear-combination coefficients ¢;; such that in the moda model
the contribution of high emitters can be added to that of normal emitters. In particular, for any model-
year group, j, the model combines the sub-model s, for a normal emitter with sub-models s for each of
the four types of high-emitting composite vehicles, i = 1 through 4, so that the modal model with normal
emitter and corresponding high emittersis

2 Gij §
with i summed from 0 to 5. The normal-emitter weight is one corrected for the fraction of high emitters:
Coj = (1- FHj)

The weight for each corresponding high-emitter composite vehicle i is Fiyj, the fraction of vehicles that
are high emittersin the group:

Cij = FHij

Here Z; ¢ = 1, and Z; F;; = Fj. Thisisasimplified description of the model. The actual caculationis
somewhat more complicated because the role of high emitters depends on the variation within model-
year of average emissions as well as F, and the sample from the NCHRP study is not large enough to
represent both variations.

4.14.1 Two Elements of Deterioration

Two different processes account for the increase of gpm emissions over new-vehicle levels during the
life of avehicle fleet:

1) degradation (typically gradual) of emissions control system (ECS) components
2) increasing fraction of vehicles with malfunctioning or failed ECS

Degradation characterizes “normal emitters’. Degradation is an ongoing process with moderate
consequences for the individual vehicle.

Unlike normal emitters, “high-emitters’ arise probabilistically, i.e. a vehicle may become a high emitter
at some point in its history. It is believed that high emitters are associated with poor maintenance (both
neglect of maintenance and incompetent repairs) and with less-robust emissions controls.

All kinds of malfunction/failure occur with rather different emissions consequences. As discussed above
in 4.12.5, the four different types (runs lean, runs rich, misfire and catalyst failure) have comparable
probabilities.

The tool used for the analysis is the “cumulative vehicle probability distribution” (VPD), as shown in
Figure 4.24. The VPD describes the fraction of vehicles (on the y-axis) with emissions above a given
level on the x-axis; for example, in Figure 4.24, about 20% of the vehicles have HC emissions greater
than about 0.3 grams per mile, while 1% of the vehicles have HC emissions greater than 2 grams per
mile. With degradation, the average gpm of normal emittersincreases, as shown in Figure 4.25. That is,
the upper/left part of the distribution shifts to the right. The high-emitter contribution increases with the
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increasing fraction of high emitters and increasing average emission; i.e., the lower/right segment of the
distribution shifts upward and becomes flatter. An illustrative cutpoint at 0.5 gpm is shown in Figure
4.25; only above it do we call avehicle a high emitter.

1 A
'\‘ i About 20% of
\. vehicles
| Va— emit more
than 0.25 gpm
0.1 \
‘\
Cumulative N
Vehicle N
Distribution i About 1% of
"~ vehicles
emit more
oot - than 2 gpm
S —
NS
0.001 N
0 1 2 3 4

HC Emissions (grams per mile)
Figure 4.24. Sample Vehicle Probability Distribution, HC; MY 91 Cars, 1996 AZ 1M 240.

4.14.2 TheData Analyzed

The NCHRP project was not designed to obtain numbers of vehicles in each vehicle-technology
category that represent the occurrence of vehicles of that category, as registered or on the road. In this
analysis, we use FTP and IM240 data from a variety of sources to construct the entire distribution of
both normal and high-emitting vehicles expected in the in-use fleet. The distribution of normal-emitters
is taken from FTP measurements of in-use vehicles conducted by the AAMA and CARB (LDVSP 13).
Because these measurements were made in laboratory settings under carefully controlled conditions,
they are considered to be accurate. However, the FTP datasets are not large enough to include a
representative sample of vehicles with high emissions. Moreover, recruitment of representative numbers
of high emitters is difficult. The distribution of high-emitters is primarily based on Arizona IM240
program measurements of passenger cars, which involves essentially the entire light-duty vehicle fleet in
the Phoenix area. The IM240 measurements are used to determine the weights to be given high emitters
in the modal model. (Although the AZ IM240 is a mandatory program, some recruitment bias may still
be present, in that not all vehicles in the area are legally registered, and not all registered vehicles are
brought in for emissions testing.)

We compare IM240 emissions with FTP Bag 3 emissions, rather than composite emissions, since the
IM240 cycle was constructed based on the FTP Bag 3 cycle. (Any differences between the FTP Bag 3
and the IM240 speed sequences are minor from the perspective of this study.) We examine two sets of
AZ IM240 measurements: 1) the random 2% sample of vehicles tested over the full IM240 cycle by the
Arizona IM 240 contractor, Gordon-Darby, in 1996; and 2) all vehicles tested by Gordon-Darby in 1995.
Since the majority of vehicles in set (2) either fast-pass or fast-fail before the full 240-second test is
completed, we adjust fast-pass/fast-fail IM240 test results to their estimated full-test equivaents. We
examine, in addition, two other IM240 datasets: 3) full IM240s conducted for EPA by Automotive
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Testing Laboratory (ATL) between 1992 and 1994, and 4) adjusted Colorado IM240 measurements in
1996. Because the latter have fast pass but no fast fail, they may be more accurate for high emitters than
set (2), the adjusted AZ 1M 240.
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c of normal emitters
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HC Emissions (grams per mile)
Figure 4.25. Trendsin Vehicle Distributions as Age and Mileage Increase, HC; MY 91 Cars, 1996 AZ IM 240.

The ATL measurements were made in the same lanes with the same equipment as the AZ IM240, but
with somewhat more careful procedures, especialy preconditioning. The difference between the ATL
and AZ IM240 (2% random) distributions can be attributed to the effect of inconsistent preconditioning,
as well as possible recruitment biases, especially for high emitters. The difference between the random
2% and full sample AZ IM240 distributions are most likely to be attributed to our adjustments to the
fast-pass/fast-fail results.

Unfortunately, the AZ IM240 measurements are not as reliable at low gpm as they presumably are at
high gpm; the gpm emissions of the cleanest vehicles are much higher than in FTP surveys. We believe
the AZ IM240 data sets tend to overestimate emissions for normal-emitters because less care is taken to
control environmental conditions that affect emissions. (We are not criticizing the AZ 1M 240 contractor,
since his responsibility does not extend to accurate measurements on normal emitters.) Others have
demonstrated that a large number of vehicles are not adequately preconditioned (i.e., fully warmed-up
prior to testing) in the AZ IM240 datasets [Heirigs and Gordon, SAE 962091]. In addition, our method
to extrapol ate fast-pass/fast-fail 1M240 emissions to full-1M 240 equival ent emissions may add a bias.

We develop weights for three groups of vehicle model years: MY 81-86, MY 87-90, and MY 91-93. The
VPDs from different test programs are shown in Figures 4.26a, 4.26b, and 4.26¢ for MY 91-93 passenger
cars with 60-100 thousand miles, for CO, HC and NOx, respectively. (We restrict the analysis to
vehicles within a mileage range to minimize the effect of vehicle age when comparing data from
different test years. We do not include vehicles with low odometer readings or in a range spanning 100
thousand miles to avoid the problem of misread or rolled over odometers, which is a serious problem in
the Arizona IM240 data.) The FTP data, presumably correct at low gpm, shows 90% of vehicles with
emissions less than the low-gpm boundary shown in Table 4.26. The table also shows the emissions
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levels at which the high emitter tails of the AZ IM240 distributions roughly begin, and the cutpoints
above which we define vehicles to be high emitters.

“low” gpm “high” gpm, cutpoints for
FTPbag 3 AZ IM240 high emitters (gpm)
Cco <5 >15 10
HC <04 >0.8 0.5
NOx <1.0 >2.0 158

a) The high-emitter cutpoints for MY 81-86 are chosen to be larger. See Table 4.27 below.
Table 4.26. Approximate Boundaries for IM240 and FTP Bag 3 Series.

Consider first the normal emitters, i.e. the peaks at upper left of each distribution. For CO (Figure 4.26a)
and NOx (Figure 4.26¢), the ATL gpms are substantially higher than the FTP for the cleanest 90-95%
vehicles, while the AZ IM240 gpms are two or more times the FTP emissions. For HC (Figure 4.26b)
the ATL measurements are fairly close to the FTP data for the best 90%. The random 2% AZ IM240 are
also much closer to FTP data at low gpm than the full sample.

In Figures 4.26a, 4.26b, and 4.26¢ we see, on the one hand, that relatively low-statistics FTP surveys run
out of vehicles or representative recruitment where the high emitter “tail” begins; on the other hand, the
high-statistics IM240 measurements appear to overestimate emissions of the normal emitters. The
approach then is to connect the two distributions, using only FTP at low gpm and only IM240 at high
gpm. The connections have to span the regions between by the boundaries listed in Table 4.26.

4.14.3 Combined FTP-IM 240 Distributions

The way we choose to connect these distributions is also shown for MY s 91-93 in Figures 4.26a, 4.26b,
and 4.26c¢. These are simply straight-line extrapolations on the semi-log graphs of the tails of the IM240
distributions, down to the low emissions defined by the FTP series. After considering the strengths and
weaknesses of the four IM240 series, we have chosen to base the straight-line extrapolations primarily
on the 2%-random full-test data from Arizona, with guidance from the slopes of the Colorado data at
large gpm. At small gpm we make use of hints that maybe found in the LDV SP and AAMA FTP data.
We refer to these as combined FTP-IM 240 distributions.

The combined FTP-IM240 distributions are highly uncertain in the region of extrapolation, between the
low gpm boundary (upper edge of FTP data) and the high gpm boundary (lower edge of the IM240
data). That is, the extrapolations could be either steeper or flatter. However, the corresponding
emissions of the high emitters are somewhat less uncertain. For example, in Figure 4.26a a reasonable
high extrapolation for CO is shown. It corresponds to the average CO gpm of high-emitters being 20%
greater than the chosen extrapolation. The extrapolation is shakier in the case of HC and not much more
than guess work in the case of NOx.

The combined FTP-IM 240 distributions for MY 87-90 and MY 81-86 are shown in Figures 4.27a through
4.27c and 4.28a through 4.28c, respectively. The extrapolations for MY 87-90 are more convincing than
for MY91-93. The same cutpoints are used as for the MY91-93 anaysis. Unfortunately, the
extrapolations for MY 81-86 HC and NOx are essentially dependent on assumed cutpoints rather than
being indicated directly by the data, and MY 87-90 is the most important contributor of high emissions
in 1996, although the group's role is now declining. In response to the lack a break in the combined
VFTP-IM240 distributions, we choose the cutpoints for MY 81-86 large enough to clearly distinguish
high from normal emitters. (See Table 4.27 below.)
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Figure 4.26a. CO distribution by test program, MY 91-93 vehicles, 60 — 100000 miles.
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Figure 4.26b. HC distribution by test program, MY 91-93 vehicles, 60 — 100000 miles.
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NOx Distribution by Test Program
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Figure 4.26¢. NOx distribution by test program, MY 91-93 vehicles, 60 — 100000 miles.
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Figure 4.27a. CO distribution by test program, MY 87-90 vehicles, 80-100000 miles.
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Figure 4.27b. HC distribution by test program, MY 87-90 vehicles, 80-100000 miles.
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Figure 4.27c. NOx distribution by test program, MY 87-90 vehicles, 80-100000 miles.
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Figure 4.28a. CO distribution by test program, MY 81-86 vehicles, all mileages.
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Figure 4.28b. HC distribution by test program, MY 81-86 vehicles, all mileages.
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Figure 4.28c. NOx distribution by test program, MY 81-86 vehicles, all mileages.

4.14.4 High-Emitter Terminology

Let HEC be the “high-emitter contribution”, the product of the high-emitter average gpm, <gpm>p, and
the fraction of high emitters, (FH), anong a set group of vehicles:

HEC = <gpm>H « FH (4.14.1)

The fraction of high emitters is the cumulative fraction of vehicles at the cutpoint, as illustrated in
Figure 4.29.

NEC isthe normal-emitter contribution, i.e.
NEC = <gpm>N * (1 - FH) (4.14.2)

Since F istypicaly << 1, it's not important to know FH accurately in determining NEC in Eq(4.14.2).
The total gpm emission of the average vehicleis:

<gpm> = HEC + NEC = <gpm>H « FH + (1 - FH) * <gpm>N (4.24.3)
4145 HEC Dependenceon MY and Mileage

The high emitter contribution to the emissions of a modal-emissions model category of vehicles (cars and
light trucks combined), defined by MY (but not technology, such as carbureted versus fuel injected), is
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determined in a sequence of steps. A regression analysis was conducted on tailpipe emissions against
model year, technology group, and odometer mileage. The single most important variable was model
year. When technology group was added to the regression, it did not significantly improve the regression.

It simplifies the discussion to know that emissions by a given model year are determined primarily by
vehicle mileage, and not by vehicle age as such. The evidence for thisis illustrated in Figure 4.29. The
figure shows that, holding vehicle MY and mileage constant, emissions are quite similar as vehicles age.
Vehicle age alone, therefore, has little impact on emissions; on the other hand, emissions decrease with
newer MY's (as shown in Figure 4.29) and lower mileages (shown in Figure 4.30 below). Thus, of the
three independent variables MY, mileage and age, we will neglect age in the following discussion. The
sequence of steps, then, is to first examine the gpm dependence, then the mileage dependence, and then
the MY dependence of the emissions.

High-emitter contribution—from combined FTP-IM240 distributions the fraction of high emitters and
average gpm, and thus the HECs, are determined for each of three MY groups: MY 91-93 (Figures 4.26a
through 4.26¢), MY 87-90 (Figures 4.27a through 4.27c), and MY 81-86 (Figures 4.28a through 4.28c).
This analysis is carried out for a selected mileage group for the two groups of recent models, and for all
mileages together for the oldest group of models. Results are shown in Table 4.27.

1 =g 1 :
NG test year 1995

— — — test year 1996
test year 1997

Cumulative Vehicle Probability
o
|_\

/.
.
.

0.01

NOx gpm (adjusted)

Figure 4.29. NOx Emissions Distribution by MY and Test Year; MY 88 and MY 91 Cars, 80-100,000 miles,
Arizona IM240.
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Figure 4.30. CO Emissions Distribution by Odometer Group; MY 87-90 Cars, 1996 Colorado IM240

odometer group FH <gpMm>H HEC B
& cutpoints® (gpm) (gpnv10,000mi)

MY 81-86 al miles

CcO 20 25% 55 14 1.15

HC 15 ~29% 3.0 ~0.87 ~0.07

NOx 2.0 ~27% 3.4 ~0.92 ~0.08
MY 87-90 80-100k

CcO 10 15% 31 4.6 0.51

HC 0.5 25% 15 0.38 0.042

NOx 15 23% 2.3 ~0.5 ~0.06
MY 91-94 60-100k

CcO 10 8.5% 23 2.0 0.25

HC 0.5 18% 1.0 0.18 0.024

NOx 15 10% 2.2 ~0.2 ~0.03

Table 4.27. High-Emitter Contributions for Test Y ear 1996, Selected Model-Y ear and Odometer Groups
a) odometer group in 1000 miles and high-emitter cutpointsin gpm.

Mileage dependence—Ilet the HEC shown in Table 4.27 be denoted by HEC(MY g, mg), where my; stands
for a mileage (odometer) interval. The HEC for al mileages for a given MY and test year (TY) is
determined by first adopting a simple proportionality to describe the increase in HEC with mileage:

HEC(MY, m)=Bmy *m (4.14.9)
Here m is odometer mileage in units of 10,000 miles and the coefficient B is in gpm per 10,000 miles.
This form is supported by the trends in HEC with mileage group. A typica example of the odometer
dependence is shown in Figure 4.30. (Here we use Colorado 1IM240 data for foreign car models, which
appear to be relatively unaffected by misread vehicle odometers.) Simple proportionality to the mileage
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