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ABSTRACT 

The goal of this research was to develop a mileage-based user fee (MBUF) system that 

incorporated air quality goals through the use of performance measurement.  A 

framework of performance measures was developed that addresses multiple aspects of 

transportation which affect air quality.  In this research, performance measures were 

selected that relate travel to the emission of air pollutants.  Better performance would 

contribute to achievement of objectives, which would in turn contribute to achievement 

of air quality and energy goals.   

Performance measures included aspects of driver behavior and characteristics of 

the vehicle being driven.  Average vehicle characteristics were used to determine base 

emission rates for five pollutant types, which were scaled to reflect characteristics on an 

individual’s vehicle.  Driving behaviors were translated to changes in emissions based 

on emissions software modeling.  Based on these results, base emission rates were 

adjusted to reflect an individual’s performance in terms of driving behaviors and vehicle 

type.  A performance score was then determined for each pollutant type by comparing 

the scaled emission rates to anticipated rates across the population.  These performance 

scores were then aggregated into a final score.  To determine the actual mileage fee 

assessed to an individual, the resulting final performance score and system-level average 

score were used.  An example of the performance measurement framework and pricing 

system was provided through a small case study.  Use of transportation elasticity values 

was demonstrated to relate desired mileage changes to required changes in pricing.  A 

decrease in mileage would have a direct decrease in the amount of pollutants emitted. 

Air quality concerns are one policy goal that has the potential to be included as 

an important part in any road-pricing system.  While such goals are not currently given 

priority in mileage-based pricing pilot studies, the framework developed in this research 

illustrates how air quality could be included in pricing attempts in the future.  With any 

mileage-based fee system, extensive public outreach and education would be vital to 

implementation, and use of a pilot program would be recommended.  Mileage driven 
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would likely decrease in response to pricing, and over time the vehicle fleet will improve 

as well.  Consideration must be given to equity concerns, as lower-income drivers may 

have more difficulty changing driving patterns or purchasing better vehicles.  Finally, 

policy-makers would have to determine the extent of data desired.  Increased data would 

help to address air quality goals, but the benefit of improved data would have to be 

weighed against the cost of obtaining it.  
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NOMENCLATURE 

AFV Alternative Fuel Vehicle 

ALVW Adjusted Loaded Vehicle Weight, average of empty weight and GVWR 

CFC Chlorofluorocarbon 

CO Carbon Monoxide 

CO2 Carbon Dioxide 

CO2e Carbon Dioxide Equivalent 

DOT Department of Transportation 

E85 Blend of 85% denatured ethanol fuel and gasoline 

EPA Environmental Protection Agency 

ESAL Equivalent Single Axle Load 

GHG Greenhouse Gas 

GPS Global Positioning System 

GVWR Gross Vehicle Weight Rating, maximum fully loaded vehicle weight 

g/mi grams per mile 

HC Hydrocarbon 

HCHO Formaldehyde 

HLDT Heavy Light-Duty Trucks, a truck between 6001 and 8500 pounds GVWR 

HOT High Occupancy Toll 

HOV High Occupancy Vehicle 

IH Interstate Highway

IRIS Integrated Risk Information System 

LDV Light-Duty Vehicle, or passenger car 

LDT Light-Duty Truck, a truck up to 8500 pounds GVWR 

LDT1 Light-Duty Truck 1, a LLDT up to 3750 pounds LVW 

LDT2 Light-Duty Truck 2, a LLDT between 3751 and 5750 pounds LVW 

LDT3 Light-Duty Truck 3, a HLDT between 3751 and 5750 pounds ALVW 

LDT4 Light-Duty Truck 4, a HLDT over 5750 pounds ALVW 
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LLDT Light Light-Duty Truck, a truck up to 6000 pounds GVWR 

LVW Loaded Vehicle Weight, nominal empty vehicle weight plus 300 pounds 

MBUF Mileage-Based User Fee 

MDPV Medium-Duty Passenger Vehicle, a truck between 8501 and 10,000 pounds  
GVWR

MOVES MOtor Vehicle Emission Simulator 

MSAT Mobile Source Air Toxic 

NAAQS National Ambient Air Quality Standards 

NHTSA National Highway Traffic Safety Administration 

NMOG Non-Methane Organic Gas 

NO Nitric Oxide 

NO2 Nitrogen Dioxide 

NOx Nitrogen Oxides 

O2 Oxygen Gas Molecule (Dioxygen) 

O3 Ozone

OBU On-Board Unit 

PAYD Pay-As-You-Drive 

PEMS Portable Emissions Measurement System 

PM Particulate Matter 

PM2.5 fine” particles with diameters less than or equal to 2.5 micrometers 

PM10 particles with diameters less than or equal to 10 micrometers and greater  
than 2.5

R2 represents the coefficient of determination 

SIP State Implementation Plan 

SO2 Sulfur Dioxide 

THC Total Hydrocarbons 

TTI Texas A&M Transportation Institute 

TxDOT Texas Department of Transportation 

VMT Vehicle Miles Traveled 

VOC Volatile Organic Compound 
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1. INTRODUCTION

1.1:  Background 

Air quality has become an important consideration both nationally and worldwide.  In 

addition to the six criteria pollutants covered by the National Ambient Air Quality 

Standards (NAAQS), other emissions such as air toxics and greenhouse gases (GHGs) 

are cause for concern (1).  Air pollution negatively impacts the environment, 

contributing to phenomenon such as acidification and global climate change.  In 

addition, air pollution has a negative impact on human health.  It is believed that as 

many as six out of ten Americans reside in areas with unhealthy levels of air 

pollution (2).  Between 50 and 60 percent of the air pollution in the United States is 

attributed to transportation, both on- and off-road (3).  Within the transportation sector 

emissions are considered a negative externality, in that the cost associated with poor air 

quality is borne by society as a whole, rather than just the users of the transportation 

system. 

One potential method of addressing costs associated with transportation 

externalities is to internalize those costs, potentially through implementation of a system 

of vehicle mileage fees.  Mileage-based user fees (MBUFs) are currently being 

researched as a solution to transportation funding problems and as a possible 

replacement of the fuel tax.  Pricing has also been used to address problems such as 

congestion.  However, using these fees to address other goals, such as environmental 

mitigation and social equity, has not been fully explored.  The application of MBUFs to 

address air quality problems will be studied in this research.  To achieve air quality goals 

with MBUFs, a system of performance measures will be created to relate fees to vehicle 

and driver performance.  In other words, fees should be established in such a way as to 

encourage better performance as it related to vehicle emissions. 
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1.2:  Research Motivation 

Mileage-based user fees are currently one of the leading pricing mechanisms being 

studied as a potential replacement for the traditional fuel tax.  In addition to alleviating 

long-term transportation funding concerns, MBUFs can be used to address various 

policy goals.  For example, congestion pricing is one system that can be mileage-based 

(such as Interstate 15 in San Diego) and generally attempts to shift travel to off-peak 

periods.  However, while congestion pricing may result in reduced emissions, the focus 

of the system is not to improve air quality.  In fact, the use of MBUFs to achieve policy 

goals other than revenue and congestion mitigation has not yet received much attention.  

For example, environmental or equity considerations have rarely been incorporated into 

the pricing scheme. 

Therefore, this research represents an initial step towards the incorporation of air 

quality goals within mileage-based pricing.  Performance measurement will be used to 

address potential policy goals and objectives related to air quality.  An initial set of goals 

includes: 

1. Reducing pollutant emissions;
2. Reducing greenhouse gas emissions;
3. Reducing negative impacts on human health; and
4. Reducing negative impacts on the environment.

While the goal set includes four goals overall, the first two represent main goals and the 

other two represent sub-goals, which relate to the main goals.  Addressing the main 

goals of reducing pollutant and greenhouse gas emissions would also simultaneously 

address the sub-goals of reducing negative impacts on health and the environment. 

1.3:  Research Objectives 

The overall goal of this research is the development of a methodology through which 

mileage-based user fees can be utilized to address air quality impacts of transportation.  

Performance measurement will be used to quantify air quality impacts for use in pricing.  

The research objectives include: 

 To identify potential goals and objectives of mileage-based user fees as they
relate to transportation emissions;
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 To develop a framework of performance measures that can be used to address
these goals and objectives;

 To identify the data needed to quantify each measure, as well as robust data
sources and collection methods;

 To develop an index that will aggregate performance results for use in
developing the appropriate user fee;

 To identify and evaluate a methodology by which a MBUF system could be
applied based on performance; and

 To evaluate the methodology through application in a case study.

1.4:  Research Methodology 

The following is a summary of the different tasks carried out as part of this research: 

1.4.1:  Task 1—Literature Review 

While important concepts were briefly touched upon in the introductory section, a much 

more detailed review of related concepts was conducted.  As outlined in the introduction, 

performance measurement, transportation emissions, and MBUFs are the primary 

subjects of interest for this research.  In addition to existing literature, current 

transportation agency practices were reviewed, especially as they pertain to air quality-

related performance measures.  National and international user fee pricing initiatives 

were also included in the review.  In addition to providing a background for the research, 

the literature review provides guidance on desirable goals, objectives, and performance 

measures.  Potential data sources, evaluation techniques, and indexing strategies were 

investigated for future tasks.  Finally, monetization methods were identified in literature 

to provide a basis for a pricing scheme. 

1.4.2:  Task 2—Selection of Performance Measures and Development of 

Measurement Framework 

Information obtained through the literature review was used to develop the initial set of 

overall goals, or guiding principles, related to air quality.  The set of goals describes the 

desired outcome of the mileage-based user fee system.  An initial set of objectives was 

then developed to further define the goals as they relate to transportation, as discussed 
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above.  Some objectives may address multiple goals.  Finally, potential performance 

measures will be identified for each objective, based primarily on the literature review.   

 

1.4.3:  Task 3—Identify Data Needs for Selected Measures and Aggregation 

Techniques 

The set of measures will be refined based on input from experts in air quality and in road 

pricing at the Texas A&M Transportation Institute.  Selection of measures will likely 

relate primarily to robustness and applicability to user fees.  Furthermore, sources of data 

and collection procedures will need to be identified for each measure.  Thus, the measure 

set may be further refined based on data availability or reliability.  For example, some 

measures may be very applicable and useful, but technology necessary to collect the data 

for the measure may currently not exist. 

 In addition, methods for aggregating performance data should be identified and 

evaluated.  Aggregation of performance would result in a final overall indicator of 

performance, which could be used to determine the appropriate user fee.  

 

1.4.4:  Task 4—Develop a Mileage-Based User Fee System Based on the 

Measurement Framework 

A methodology for establishing appropriate user fees will be developed.  The purpose of 

the MBUF system is to attempt to use monetary means to achieve established air quality 

goals.  In this case, the per-mile fee charged to each individual in the system will depend 

on the relative performance of that particular vehicle and driver.  Thus, drivers would 

have a financial incentive to change their travel behavior or aspects of their vehicle, as 

improved performance would result in a lower fee.  There would also be a financial 

incentive to drive fewer miles, since the fee would be charged for each mile traveled.  

The desirable outcome is that there will be a cumulative affect across the transportation 

system as behavior and vehicles change, resulting in fewer emissions and a smaller air 

quality impact.  In this way, the pricing scheme is used to meet the goals.  Therefore, 

pricing should take transportation elasticities into consideration.  Such elasticities relate 
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anticipated changes in behavior to changes in cost.  Then, if a specific goal were 

established, such as a goal to reduce emissions by a specified amount during a certain 

time period, pricing could be adjusted so that the necessary change in behavior could be 

achieved.  Such a process is illustrated in Figure 1.1. 

Figure 1.1:  Pricing process to achieve goals. 

As shown, the process would require feedback so that pricing can be adjusted as needed.  

In addition to elasticities associated with various performance aspects, the relative effect 

of each measure on air quality should be investigated.  In other words, the relative 

impact of various degrees of performance on emissions should be evaluated for each 

measure.  Measures that have a greater impact on air quality should be given more 

weight in a pricing framework. 

Goal to 
reduce 

emissions

Objectives/ 
Strategies

Performance 
Measurement

Pricing 
required to 

change 
behavior 
based on 
related 

elasticities

Determine 
overall 

change in 
emissions

Adjust 
pricing/ 

strategy as 
needed
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In summary, the effect of driving characteristics, vehicle characteristics, and 

mileage would be used to determine the approximate vehicle emissions, which would 

then be associated with a cost based on expected externalities.  Elasticities can also be 

used to adjust prices to bring about a desired change in behavior or overall air quality.  

All of these pricing components will contribute to developing a basic pricing framework, 

which could then be used by planners to determine an actual user fee based on the 

characteristics and needs of their area of oversight. 

1.4.5:  Task 5—Collect Data and Perform a Case Study Using the Measurement 

Framework 

A selected highway corridor or geographic area in Texas will be used to conduct a case 

study using the developed user fee methodology.  The selected corridor or area should 

represent an area where transportation has a significant air quality impact.  Through a 

real-world application potential problems may be identified, as well as the perceived 

benefits and impacts of the methodology.  Additionally, individual GPS runs may be 

used to represent theoretical drivers within the area covered by the user-fee system.  By 

applying the developed fee methodology to real-world data, the effectiveness of the 

methodology can be better evaluated, and potential problems identified.  Thus, 

recommendations for future use can be made. 

1.4.6:  Task 6—Summary and Conclusions 

A summary will be given of the developed methodology and the results of the case 

study.  Based on the findings of this research, recommendations for the use of 

performance measurement and MBUFs to address air quality problems will be made. 

1.5:  Research Benefits 

Mileage-based user fees are currently receiving a great deal of attention across the nation 

as a potential way to generate transportation revenue as well as address goals such as 

congestion reduction.  MBUFs may also be beneficial to society as a whole to the extent 
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that they address transportation externalities and social equity.  In addition, air quality 

and climate change are both major concerns within transportation.  As the goal of this 

research is to incorporate the goal of emission reduction into a MBUF structure, it 

represents one of the first steps towards addressing additional policy goals through a 

mileage-based user fee system.  The developed methodology for determining a pricing 

scheme could provide a basis for similar systems in the real world.  The research also 

provides a compilation of various externality costs identified in literature.  Finally, in 

addition to potential applications of such a system, this research may lead to additional 

investigation into the uses of MBUFs or identification of future potential research areas. 

1.6:  Thesis Overview 

This thesis is divided into eight sections.  Section 1 provides a brief introduction to the 

research.  Section 2 presents a literature review that covers the relationship between air 

quality and transportation, the concept of performance measurement, and various aspects 

and methods of road pricing.  Section 3 presents the process of identifying goals, 

objectives, and performance measures that relate to the reduction of vehicular emissions.  

Section 4 further defines the selected performance measures and discusses quantification 

methods.  Section 5 illustrates how performance measure results can be combined into a 

final index to represent overall performance for an individual driver.  Section 6 discusses 

how the final performance index may be applied for use in a mileage-based pricing 

scheme.  Section 7 provides a real-world example of an application of the selected 

performance measures and pricing scheme.  Section 8 presents conclusions and 

recommendations. 
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2. LITERATURE REVIEW

2.1:  Road Transportation and Emissions 

The development of a framework for incorporating air quality into MBUF pricing 

systems requires an examination of how the transportation sector impacts air quality.  

This allows for the identification of factors that influence emissions which may be 

efficiently priced to achieve desired objectives.  

2.1.1:  Background on Air Quality and Emissions 

Air quality has become an important consideration both nationally and worldwide.  Air 

quality consideration is no longer limited to the six criteria pollutants covered by the 

National Ambient Air Quality Standards; air toxics and greenhouse gases are cause for 

concern as well (1).   

The transportation sector deserves significant consideration when enacting 

policies aimed at addressing air quality, as transportation (both on- and off-road) 

contributes to an estimated 50 to 60 percent of air pollution in the United States (3).  The 

emission of carbon dioxide (CO2), a greenhouse gas, increases proportionally with 

transportation usage.  Emissions are considered a negative externality of transportation, 

in that the cost associated with poor air quality is borne by society as a whole, rather 

than just the users of the transportation system (3).  The effects of emissions can be far-

reaching or experienced near the source.  At a local level, negative effects on health are 

troublesome.  In fact, it is believed that as many as six out of ten Americans reside in 

areas with unhealthy levels of air pollution (2).  At a regional scale, acidification and 

photochemical oxidants are a concern, while possible greenhouse effects (direct and 

indirect) and stratospheric ozone depletion are a global-level concern (4).   

2.1.2:  Significance of Transportation – Mobile Source Emissions 

The criteria pollutants addressed by the EPA include carbon monoxide (CO), lead (Pb), 

nitrogen dioxide (NO2), ozone (O3), sulfur dioxide (SO2), and particulate matter, which 



9 

can include both “fine” particles with diameters less than or equal to 2.5 micrometers 

(PM2.5) and particles with diameters less than or equal to 10 micrometers and greater 

than 2.5 (PM10) (5).  However, rather than being directly emitted, ozone is typically 

formed from a chemical reaction of nitrogen oxides (NOx), volatile organic compounds 

(VOCs), and sunlight.  In fact, the pollutants of greatest concern for the State of Texas 

are currently NOx, VOCs, and ground level ozone (6).

Aside from their relationship with ozone, volatile organic compounds are also a 

problem on their own merit.  VOCs are the gaseous form of hydrocarbons (HC), and are 

common ground-water contaminants (7).  VOCs are also a problem in the transportation 

field because they are often a component of petroleum fuels, and are emitted both 

through incomplete gasoline combustion and as a byproduct of the petrochemical 

industry (8).  

Other problematic emissions include chlorofluorocarbons (CFCs), which result 

primarily from vehicle air conditioning within transportation, and other mobile source 

air toxics (MSATs).  Air toxics are pollutants that are either known or expected to cause 

serious health problems, including cancer, birth defects, lung damage, immune system 

damage, and nerve damage (9).  Currently, there are 93 compounds documented in the 

EPA IRIS database, including the known carcinogen benzene, and potential carcinogens 

1,3-butadiene, formaldehyde, acrolein, acetaldehyde, and diesel particulate 

matter (10, 11).  VOCs are also considered MSATs.  Emissions of MSATs can be 

reduced through emission reductions of VOC, PM, and diesel emissions (9). 

All of these pollutants pose a serious risk to both the environment and public 

health.  People that live very near to a highway, railroad, or airport are especially at risk, 

because concentrations of hazardous air pollutants increase significantly the closer one 

gets to these sources, and they would be exposed very often (9).   

Of increasing importance is consideration of greenhouse gases (GHGs), which 

are atmospheric gases that absorb and emit infrared radiation—the basic cause of the 

greenhouse effect.  The most abundant GHGs in Earth’s atmosphere include water 

vapor, carbon dioxide, atmospheric methane, nitrous oxide, ozone, and 
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chlorofluorocarbons.  The transportation sector accounts for approximately one third of 

all U.S. GHG emissions, and has accounted for almost half of the net increase since 

1990 (12).  Based on data from 1990 to 2006, CO2 was the primary greenhouse gas 

emitted by human activities in the United States, which accounted for approximately 

85 percent of total GHG emissions (13).  Within transportation, about 66 percent results 

from gasoline combustion, 16 percent from diesel, and 15 percent from jet fuel (2).  

2.1.3:  Current Air Quality Legislation and Transportation Conformity 

The first federal legislation involving pollution was the Air Pollution Control Act of 

1955.  However, air pollution control was not included until the Clean Air Act of 1963.  

The most recent revisions to the Clean Air Act took place in 1990 (14).  Under the Clean 

Air Act, the EPA sets primary air quality standards to protect public health, and 

secondary standards to protect public welfare from adverse effects (including effects on 

vegetation, soil, plants, water, wildlife, buildings/national monuments, visibility, 

etc.) (15).  As stated previously, the EPA currently has national ambient air quality 

standards for six criteria pollutants: 

 Carbon monoxide (CO);
 Lead;
 Nitrogen dioxide (NO2);
 Particulate matter (PM);
 Ozone; and
 Sulfur dioxide (SO2) (16).

These six pollutants are referred to as ‘criteria’ pollutants because the EPA uses human 

health-based and/or environmentally based criteria to establish acceptable pollutant 

levels (17).  They may also be damaging to property.  The EPA must review the latest 

scientific information and standards every five years, and make changes as needed (18).  

Currently, particulate matter and ozone are considered the greatest health threats out of 

these six.  Under the Clean Air Act, states must develop a State Implementation Plan 

(SIP) if any area within the state is classified as ‘nonattainment’—that is, the area has air 

pollution levels that “persistently exceed” the NAAQS.  A SIP explains how the state 

will comply with and meet the NAAQS (19). 
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2.1.4:  Vehicle Emission Estimation 

In order to quantify emissions, appropriate sources of data must be obtained.  Emission 

data is necessary for the development of performance measures.  Actual field emission 

data can be obtained through use of a portable emissions measurement system (PEMS).  

By sampling undiluted exhaust, a PEMS unit can measure concentrations of HC, CO, 

CO2, NO, O2, and PM smaller than 1-2.5 microns, and can calculate NOx from the NO 

emissions (20).   

As an alternative to directly measuring emissions, emissions data may be 

produced through computer modeling and simulation.  Discrepancies may arise between 

results obtained through modeling and directly measuring emissions, with modeling 

accuracy dependent on assumptions made.  For example, measurement of CO2 typically 

involves vehicle mileage and speed figures, as well as assumptions regarding average 

fleet fuel efficiency (21).  Passenger vehicles and heavy vehicles should be considered 

separately if possible.  Different vehicle types have different emission rates, and may 

travel at different average speeds based on typical driver behavior (22).  Speed is an 

important factor, as the emission rate for a specific vehicle will vary at different speeds.  

In addition, on-road travel is not the only generator of mobile-source emissions.  For 

example, emissions are produced while a vehicle idles.  In fact, research suggests that 

idling for a prolonged period of time produces more emissions and fuel consumption 

than shutdown and restart of a vehicle (23). 

Modern technology can provide significant information about vehicular travel.  

Intelligent transportation systems (ITS) can provide information on vehicle volumes and 

turning movements.  Automatic vehicle identification can provide fairly disaggregated 

VMT and speed data, as it tracks individual vehicles over time, potentially through the 

use of a global positioning system (GPS).   

The EPA has created software to model mobile source emissions.  The MOBILE 

emission modeling software, first developed by the EPA in 1978, is used frequently to 

estimate grams per mile current and future emissions of HC/VOC, CO, NOx, PM, and 

SO2 based on average speed at a national and local level (24).  The model accounts for 



12 

changes over time, such as changing vehicle emission standards, vehicle populations, 

and vehicle activity.  The model can also be calibrated to reflect local conditions, with 

variables such as temperature, humidity, and fuel quality (25).  MOVES2010 (MOtor 

Vehicle Emission Simulator), which is a replacement of MOBILE6.2, has recently 

become available on the EPA website.  This new system, developed by the Office of 

Transportation and Air Quality (OTAQ), can estimate emissions for both on-road and 

non-road mobile sources, covers additional pollutants, and allows multiple scale 

analysis, from the national-level down to the project-level (26).  In addition to pollutants 

modeled by previous systems, MOVES2010 estimates several mobile source air toxics 

(MSATs).  There are also some changes to the modeling approach used to estimate 

mobile source emissions, based on recommendations from the National Academy of 

Sciences (27).  The base of emission calculation used is Vehicle Specific Power (VSP), 

which depends on a vehicle’s instantaneous speed and acceleration, road grade, and 

vehicle characteristics such as weight, rolling resistance, and aerodynamic drag (28). 

 For the purpose of this research, MOVES2010 will be used to model emission 

rates of vehicles based on multiple characteristics, including different model years, 

vehicle classes, and speed profiles.  In this way, relationships will be established 

connecting performance on different measures with expected increases or decreases in 

vehicle emission rates.  Such performance measures include vehicle characteristics such 

as age and driving behaviors such as hard acceleration/deceleration. 

 

2.2:  Performance Measurement and Transportation Air Quality 

Performance measurement is described by the U.S. General Accounting Office as “the 

ongoing monitoring and reporting of program accomplishments, particularly progress 

toward pre-established goals” which may address processes, outputs, or outcomes (29). 

Performance objectives should be established based on an agency’s (or 

program’s) mission and goals.  Performance measures can then be selected to aid in 

achievement of an objective.  Robust performance measures are typically numerically 
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based to provide context and scale.  Targets can be established to quantify how good (or 

bad) the performance actually was. 

2.2.1:  Background on Performance Measurement 

Many factors must be considered before implementing a performance measurement 

program.  What is to be measured typically depends on who the users are (managers vs. 

external stakeholders, etc.).  In addition, performance measurement is usually intended 

to obtain objectives in the future rather than to evaluate past actions.  Unfortunately, data 

collected is usually associated with past events; or, at best, with current events.  It is 

certainly difficult to directly connect future results to current results, and especially to 

past results (30).  Therefore, some extrapolation must take place (31). 

Different types of performance measures exist, but output and outcome measures 

are primarily used.  Outcome measures are usually desirable, as they actually provide an 

indication of whether desired outcomes were achieved (often something the agency 

wants to either maximize or minimize).  Output measures typically provide information 

on an individual activity related to the achievement of a desired outcome.  In other 

words, outputs are what the program or agency actually did, while outcomes are the 

consequences of what was done (32).  Output measures are usually much easier to define 

and track, however, and are more often under direct agency control (1). 

Kaufman recommends that measures should relate to ends instead of means, 

processes, or resources (33).  He identifies four scales of measurement as: 

 Nominal—naming;
 Ordinal—rank ordering;
 Interval—equal scale distances with arbitrary zero-point; and
 Ratio—equal scale distances with known zero-point.

To better assure accuracy and reliability, Kaufman suggests that measures and associated 

objectives be measurable on an interval or ratio scale.  The given reason is that 

objectives are measurable on these scales, while the nominal and ordinal scales are 

typically used for goals, aims, and purposes. 
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2.2.2:  Characteristics of Robust and Useful Performance Measures 

A ‘good’ performance measure requires a careful development process, which would 

give consideration to various desirable characteristics.  Abstract measures are not very 

useful—rather, in order to extract any useful information, a decision-maker must 

understand both context and scale (34).  The necessary data related to the measure 

should be realistic and reasonably attainable, and allow for regular measurement of 

performance to determine if any changes are needed in approach (35).  Table 2.1 lists 

and describes desirable characteristics of performance measures found in literature (1, 

32, 36, 37). 
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Table 2.1:  Characteristics Related to ‘Good’ Performance Measures 
Attribute Description

Measurability 
(Realistic) 

 Are required data, analysis methods, tools, and resources available?
 Can the necessary level of accuracy be achieved for the measure to be usable?
 How reliable are the data sources?
 Would it be feasible to take field measurements either for performance

monitoring or model calibration?
Simplicity/ 

Clarity 
 Can the measure be understood by the public, elected and appointed officials

and policy makers, agency staff, and other transportation professionals?

Usefulness 
 Is this measure actually useful to any stakeholders?
 Does it directly measure the desired issue?

Objectivity/ 
Validity 

 Are the measures factually based, so that the values themselves are not
debatable?

Controllability 

 Can the measured characteristic actually be controlled, corrected, or otherwise
influenced by the agency measuring it?

 Does the agency have direct or indirect control, and is that control full or
partial?

Relevance 
 “Is the measure relevant to planning/budgeting processes?
 Does the reporting of these measures happen often enough to give decision

makers the information they need as often as they need it?” (37)

Consistency 
 Is the measure reliable?
 Is there sufficient consistency between measurement methods that current and

past results can be compared?
Uniqueness  Does the measure duplicate or overlap with another? 

Ability to 
Forecast 

 Do related forecasting methods currently exist, and, if so, are they easy to use?
 Would projections of this measure into future scenarios be relatively realistic?

Would it allow for future comparisons of projects or strategies?
Multimodality  Are relevant and/or desired travel modes addressed by the measure? 

Ability to 
Diagnose 
Problems 

 Can this measure directly diagnose problems and their causes, or does it only
indicate condition such that further study or action is necessary?

 Is the measure aggregated so much that a ‘black box’ condition might occur?
 “Is there a logical link between this measure and what actions/phenomena affect

it?” (37)
Cost 

Effectiveness 
 Is the cost of collecting and analyzing necessary data within budget and

resource limitations?

Number 

 Is the number of measures presented small enough for easy communication
with stakeholders?

 Conversely, are all goals addressed?  A hierarchical structure could be used for
more detailed analysis.

Addresses 
Desired 

Temporal 
Scale 

 Can the measure be compared over or across time?
 Can the measure discriminate between performance during peak and off-peak

periods, as well as different daily conditions?
 “Does the measure fit well with the time frame of analysis and action?” (37)  Is

the measure intended for long-range planning, or to assess short-term impacts
of decisions?

Addresses 
Desired 

Geographical 
Scale 

 Is the measure specifically useful at a regional, subarea, or corridor level; or can
it be applied to all areas of the state, region, and/or local area?

 Can the measure differentiate between freeways and other surface facilities?
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However, selected measures should not just exemplify the above characteristics.  

Measures must also be consistent with the actual needs of the agency creating them, and 

be specifically suited to agency goals and actions (36). 

2.2.3:  Data Requirements 

The data requirement is a very important consideration when selecting performance 

measures.  Employees have limited time, and there may be a high cost associated with 

data collection, storage, and retrieval (38).  Therefore, data that is already available to 

the agency is desirable.  However, consideration should be given to data that may be 

more difficult or expensive to attain, but would be more useful or valuable to decision-

makers.  Additionally, the frequency of data collection and reporting should depend, at 

least in part, on the timing needs of decision-makers. 

2.3:  Road Pricing 

Future funding for transportation has come to be a major concern, especially considering 

increasing demand, aging of existing facilities, and rising construction costs 

(significantly due to inflation).  Currently, transportation-related activities are primarily 

funded through sources such as the fuel tax, which is a variable cost, and state 

registration fees, which are fixed operating costs for the user (39).  Additional funding 

sources include sales and property taxes, which are paid whether a person uses the road 

system or not (40).  The federal fuel tax has not changed from 18.4 cents per gallon since 

1993, and the Texas state fuel tax has remained at 20 cents per gallon since 1991 (41).  

The federal tax is eventually redistributed to states as federal aid, although not exactly 

what a particular state contributed due to the use of allocation formulas (Texas typically 

receives less than it pays in, but must receive at least 91 percent).  Portions of the fuel 

tax are also devoted to non-road uses, such as public education.  The fuel tax could be 

considered a distance-based user fee, although it is far from optimal, as many factors that 

affect vehicle-related external costs are not reflected (42).  The cost of this fee typically 

increases with more miles driven—but this relationship has been degrading.  For 
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example, in Oregon fuel tax revenue (in cents per mile traveled) declined by half 

between 1970 and 2003, even without the effects of inflation (43).  For the most part, the 

fuel tax is paid by road users, but not all users pay equally.  Certainly not all users pay in 

proportion to the costs they inflict on the system, especially given differences between 

vehicle fuel efficiencies.  For example, as more people begin to use technology such as 

electric or hybrid vehicles, fewer people will be paying for use of transportation 

infrastructure, and those that do will be paying disproportionately. 

2.3.1:  Mileage-Based User Fees 

Transportation-related agencies not only need a method to adequately fund 

transportation in the future, but also a way to more accurately charge road users in 

accordance with their actual use of facilities.  Various methods used to achieve such a 

result are termed ‘road pricing’.  Road pricing may include facility-based programs like 

a toll road or high-occupancy toll (HOT) lane, area-based programs like cordon charges, 

and network-wide programs like distance-based charges (44).   

One road pricing method that can potentially address these goals is a mileage-

based user fee (MBUF).  In its simplest form, a MBUF system would charge users a 

fixed fee based the number of miles their vehicle is driven within a certain jurisdictional 

area (41).  DeCorla-Souza suggests that mileage-based fees are just as beneficial as 

facility-based pricing (tolling), but would likely be more acceptable to the public, unlike 

the tolling of previously free facilities (45).  The argument is that mileage-based fees 

would not be a new charge to users if they were to replace other fees like the fuel tax.  

Additionally, MBUFs actually allow users more opportunity to save money by reducing 

travel, especially if the fee incorporated currently fixed costs such as vehicle registration.  

Fixed costs do not change with regards to distance traveled, and about 23 percent of the 

user cost is fixed (46).  It may be easier for drivers to forgo low-value travel because the 

cost of each mile is a direct charge to them, while current user fees are more difficult to 

relate to amount of travel.  According to Litman, a MBUF system would be more 

marginal, by incorporating actual user costs imposed on the system (42).  MBUFs can be 
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varied to attempt to address specific policy goals such as reducing vehicle miles traveled 

(VMT), optimizing capacity, or reducing emissions.  Some of these goals may be 

complementary. 

 MBUFs can also be used to address externalities, which are imposed on society 

by drivers, but are not directly paid for by drivers.  In other words, the costs associated 

with an externality are borne by society as a whole, including people who did not 

directly benefit from the travel.  Internal costs include fuel cost, vehicle maintenance, 

insurance, registration, and vehicle purchase (47).  Typical external costs include 

congestion delays, road construction, environmental impacts, and social inequity.  Costs 

may also be variable or fixed, where variable costs change with the amount driven and 

fixed costs do not.  External costs could potentially be addressed through mileage-based 

user fees, including environmental impacts such as air pollution.  By internalizing these 

costs, users may make better decisions about their travel. 

 

2.3.2:  Basic System Components 

According to Whitty and Svadlenak, there are six basic things that a MBUF system must 

be capable of (at a minimum): 

 Calculate the miles driven; 
 Have access to this mileage data; 
 Apply mileage-based fees to this mileage; 
 Provide billing to the user; 
 Collect payment; and 
 Enforce payment (48). 

Each of these components involves some form of technology.  By far, the simplest 

approach to collecting data would be through periodically performing checks of a 

vehicle’s odometer (‘odometer audit’), which could occur when a vehicle’s license and 

insurance are renewed, or during a scheduled vehicle servicing.  This method certainly 

would be the simplest, and most likely the cheapest to implement since vehicles already 

have odometers, while many do not have any sort of GPS system.  On the other hand, 

only a very simple and basic fee could be applied, although vehicle class could 
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potentially be accounted for.  Additionally, there would be no way of proving that some 

of the miles occurred in a different jurisdiction without some form of technology. 

Other methods of collecting travel data include an on-board units (OBUs) or use 

of a GPS to track travel (45).  Such technology allows for collection of data such as 

second-by-second speed.  GPS units also allow for tracking of vehicle location.   

2.3.3:  Mileage-Based Fee Outcomes 

In general, one would expect mileage fees to reduce VMT.  According to Komanoff, 

based on what economists term the ‘Law of Demand’, a tax on vehicle miles traveled 

will result in an overall reduction of vehicle miles traveled (49).  Thus, based simply on 

what we can learn from a demand curve, as the price increases, some users are no longer 

willing to pay that price to travel, and demand drops (VMT is decreased).  However, 

Komanoff points out that real-world situations are typically more complex than models 

would suggest, especially in the field of transportation (49).  Therefore, traveler response 

to MBUFs cannot be perfectly predicted with demand models. 

Vehicle emissions are closely tied with the number of miles driven.  Thus, if 

fewer miles are driven, emissions should decrease, and MBUFs encourage drivers to 

reduce their mileage for economic savings.  Higher rates for higher emitting vehicles 

may also encourage the purchase of more fuel-efficient vehicles; although if the fee 

difference is very slight it may not be worth the cost of the vehicle to switch. 

2.3.4:  Examples of MBUFs 

In order to determine what a good base MBUF rate would be, an investigation of various 

charges used in the real world or suggested in literature was undertaken.  The ideal goal 

of the MBUF would be to induce a change in driver behavior, and thereby reduce 

emissions.  As a MBUF would likely be a replacement of the current fuel tax, the 

average amount per mile paid currently with fuel purchases could be a good starting 

point for determining what to charge per mile.  If the Texas state fuel tax of twenty cents 
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per gallon were translated into a mileage-based amount, the fee would be approximately 

1 cent per mile (50). 

In addition, air pollutants are considered an externality of transportation.  That is, 

they are a negative consequence that is not directly paid for by road users.  Rather, the 

effects of air pollutants are borne by all, regardless of whether they drive or not.  Thus, 

an additional goal of the MBUF could be to internalize some of the external 

environmental and health costs of emissions, so that actual road users help pay for the 

damage.  Calculating the actual unit cost for each pollutant type, however, is difficult as 

the relationship between emissions and resulting damages is not concrete.  A general 

idea of the cost of emissions is illustrated in Table 2.2 (51).  The values were derived by 

the National Highway Traffic Safety Administration (NHTSA) based on EPA estimates. 

 

 
Table 2.2:  NHTSA Estimated Damage Costs of Emissions (51) 

Pollutant Damage Cost (in 2007 ¢) 
VOC ¢0.1874/gram 
NOx ¢0.4409/gram 
PM ¢18.5188/gram 
SO2 ¢1.7637/gram 

CO2 (U.S. domestic value) ¢0.0002/gram 
CO2 (mean global value) ¢0.0033/gram 

 

 

These values could be used to obtain a mileage-based cost for each pollutant, if the 

vehicle’s emission rates are known, calculated as (Equation 2.1): 

	݊݅	ݐݏ݋ܿ	ݏᇱ݈݄݁ܿ݅݁ݒ ¢ ݈݉݅݁ൗ ݐ݊ܽݐݑ݈݈݋݌	݄ܿܽ݁	ݎ݋݂

ൌ 	 ൫݈ܽݐ݋ݐ	ݐ݊ܽݐݑ݈݈݋݌	݁݃ܽ݉ܽ݀	ݐݏ݋ܿ	݅݊	 ¢ ݃ൗ ൯

ൈ ቀ݈݄݁ܿ݅݁ݒᇱݏ	 ݃ ݈݉݅݁ൗ  ቁݐ݊ܽݐݑ݈݈݋݌	݂݋

To complete this example of using emission externality cost to determine a mileage-

based fee, the cost of each pollutant for a 2010 or newer vehicle in each vehicle category 

was calculated using base emission rates obtained from the EPA MOVES2010 program.  

Table 2.3 shows the results. 

  

2.1
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Table 2.3:  Example Mileage Fees from Emissions Damage Costs 

Vehicle Type 
Damage Cost Per Pollutant in ¢/mile Total 

¢/mile CO2 VOC NOx CO PM2.5 

Passenger Car 0.095 0.0007 0.0151 0.0000 0.0403 0.151 

Passenger Truck 0.117 0.0045 0.0799 0.0000 0.0485 0.250 

Motorcycle 0.075 0.1570 0.1842 0.0000 0.2930 0.709 

Single-Unit Truck 0.457 0.0100 0.5154 0.0000 0.5578 1.540 

Bus 0.308 0.0099 0.3410 0.0000 0.2640 0.923 

Combination Truck 0.530 0.0101 0.5653 0.0000 0.5761 1.681 

An example of a mileage-based pricing system in the real world is the German 

Lkw-Maut system, which charges both domestic and foreign freight vehicles greater 

than 12 tons for use of certain roads (52).  The purpose is to internalize the wear and tear 

that heavy-duty vehicles impose on roadways, thus providing funding for maintenance.  

This system does include emissions consideration to an extent.  The amount charged per 

kilometer depends on the aspects of the vehicle—the number of axles and the emissions 

class.  In addition, certain particle reduction retrofits allow trucks to be charged at a 

lower level.   

Another example of real-world mileage-based pricing is pay-as-you-drive 

(PAYD) insurance.  With PAYD insurance, a pricing incentive is given to drivers to 

decrease their mileage, thereby decreasing their risk of a crash.  A 1 percent decrease in 

mileage roughly corresponds to a 1.7 percent reduction in crash costs (53).  Encouraging 

fewer miles driven is thus beneficial to insurance companies by reducing insurance 

claims.  A 2006 pilot program conducted by Progressive Insurance in Texas resulted in 

drivers decreasing their mileage by about 10 percent (54).  Additionally, PAYD 

insurance includes the possibility of pricing to influence other driver behavior.  

Progressive Insurance offers discounts up to 30 percent for good driving behavior, which 

they determine through a logging device used by a driver for a month (55).  Algorithms 

used to determine pricing are trade secrets of these companies, but the idea is useful for 

mileage pricing in this research. 
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Other distance-based charging schemes include recent pilot programs conducted 

by the Minnesota DOT (MnDOT) and the Oregon DOT (ODOT).  An overview of 

various distance-based charges is shown below in Table 2.4. 

 

 
Table 2.4:  Overview of Various Tolls Either Suggested by Literature or Used in Real-World 

Applications 

Toll/Rate 
Location or 

Source 
Description 

7¢/mile Literature (46) 
Approximate rate per mile from an average insurance 
premium of $850 per vehicle-year 

2¢/mile Literature (46) 
Approximate rate per mile from average registration and 
licensing fees of $250 annually 

5-25¢/mile MnDOT (56) 
Amount used in Minnesota DOT pilot project to determine 
driving behavior based on different PAYD insurance rates 

1.5¢/mile Literature (57) External local pollution cost 

20¢/mile Literature (54) Approximate mileage cost of fuel at $4 per gallon 

0.141-0.288 €/km 
(29.0 - 59.2¢/mile) 

Germany (58) 
German fee system for heavy-duty trucks, based on emissions 
class and number of axles; internalizes cost of infrastructure 
provision and operation attributed to heavy-duty vehicles 

1.2¢/mile ODOT (59) 
Replacement of 24-cent-per-gallon gas tax assuming 2004 
average of 20 mpg; for Oregon user fee pilot program 

2, 10, & 20 p/km 
(4.8, 25.8, & 
51.5¢ /mile) 

Leeds, UK (60) 
Mileage rates examined for air quality responses within a 
cordon zone for Leeds, UK 

0.6-3.3¢/mile Literature (61) 
Mileage rates to replace fuel tax based on average fuel 
efficiency of 18 vehicle classes 

7¢Can/km 
(11.23¢/mile) 

Literature (62) 
Average PAYD insurance rate based on average vehicle 
insurance premiums and average mileage; estimated to reduce 
affected vehicles’ average annual mileage by 10-15 percent 

 
 
 
The above table gives a variety of road charges, and provides some idea of the range of 

prices that may be charged to the user. 

For this research, the primary goal with pricing is to influence driver behavior to 

an extent that emissions are lowered.  Of particular interest is the Minnesota PAYD pilot 

project, which utilized a range of mileage rates to determine driver response, with 

observations of 100 drivers and 30 drivers in a control group (56).  The drivers were 



23 

charged between 5 and 25 cents per mile, with rates randomly assigned to participants 

and some rates varying for peak and off-peak travel.  The final report for the project 

included data for each individual driver (63).  These data were analyzed, and results are 

shown in Figure 2.1. 

Figure 2.1:  Percent of participants that decreased mileage from the Minnesota PAYD experiment 
results. 
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The above graphs show that the largest percentage of participants that decreased their 

mileage occurred for participants priced at 15 cents per mile.   

 

2.3.5:  Elasticity in Transportation 

Changes in the cost of travel affect the demand for travel.  When the cost increases, the 

‘consumption’ of travel decreases—that is, less travel occurs.  Elasticity is used to 

determine how sensitive consumption is to changes in price.  Elasticity is typically 

defined as the percent change in consumption related to a 1 percent change in price.  For 

example, if the elasticity of mileage with respect to the gas tax is -0.3, then a 1 percent 

increase in the gas tax will result in a 0.3 percent decrease in mileage.  If the absolute 

value of the elasticity is less than one, the relationship is termed ‘inelastic,’ meaning that 

consumption changes at a lower rate than price.  The closer the elasticity is to zero, the 

less influence price changes have on consumption.  Transportation is generally 

considered to be inelastic.  However, even with relatively low elasticities, pricing 

measures can have an impact on travel behavior (64). 

 In transportation, arc elasticity is most frequently used (65).  Arc elasticity is 

calculated as (Equation 2.2): 

ሻߟሺ	ݕݐ݅ܿ݅ݐݏ݈ܽܧ ൌ
logሺܳଶሻ െ logሺܳଵሻ
logሺ ଶܲሻ െ log	ሺ ଵܲሻ

 

The demand before and after is represented by Q1 and Q2, respectively.  Similarly, the 

initial and final prices are represented by P1 and P2.  If the elasticity value is known, the 

demand resulting from a price change could be determined as (Equation 2.3): 

ሺܳଶሻ	݀݊ܽ݉݁ܦ	ݓ݁ܰ ൌ ܳଵ ൈ ሺ ଶܲ
ଵܲ

ൗ ሻఎ 

Similarly, if a certain change in demand were desired, the new price required to cause 

the change could be calculated as (Equation 2.4): 

ሺ	݁ܿ݅ݎܲ	ݓ݁ܰ ଶܲሻ ൌ ଵܲ ൈ ሺܳଶ ܳଵ
ൗ ሻ

ଵ ఎൗ  

However, the above equations are not applicable if any of the demand or price values are 

zero. 

2.2

2.3

2.4
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 There are many estimated values of transportation elasticities in literature.  For 

example, Table 2.5 shows ranges associated with different types of price changes 

compiled from various studies (65). 

 

 
Table 2.5:  Example Ranges of Estimated Elasticity Values 

Estimated Component Fuel Price Income 
Taxation 

(Other than Fuel) 
Population 

Density 
Car Stock 

(vehicle ownership) 
-0.20 to 0.0 0.75 to 1.25 -0.08 to -0.04 -0.7 to -0.2 

Mean Fuel Intensity 
(fuel efficiency) 

-0.45 to -0.35 -0.6 to 0.0 -0.12 to -0.10 -0.3 to -0.1 

Mean Driving Distance 
(per car per year) 

-0.35 to -0.05 -0.1 to 0.35 0.04 to 0.12 -0.75 to 0.0 

Car Fuel Demand -1.0 to -0.40 0.05 to 1.6 -0.16 to -0.02 -1.75 to -0.3 

Car Travel Demand -0.55 to -0.05 0.65 to 1.25 -0.04 to 0.08 -1.45 to -0.2 

 
 
 
The above table gives an average elasticity value of -0.2 relating yearly driving distance 

to changes in fuel price.  As the amount spent on fuel increases proportionally to 

increases to mileage driven, we can assume that drivers behave similarly with regards to 

mileage fees, which are proportional to mileage as well. 

 

2.4:  Concluding Remarks 

Air quality is presently a major concern, from criteria pollutants to air toxics and 

greenhouse gases.  Air pollution negatively impacts both human health and the 

environment.  A significant portion of pollutant emissions can be attributed to the 

transportation sector as a whole, although for this research the focus is on-road 

transportation.  Emissions are directly related to the amount of driving.  However, many 

other factors, such as vehicle types and driving behaviors, affect the amount of emissions 

as well.  Performance measurement can be used to relate transportation to resulting 

emissions.  Measures are typically selected to meet desired goals.  In this case, 

performance measurement will be used to address air quality goals.  In order to induce 



26 

better performance, and thus attempt to meet goals, a road pricing system will be used.  

Many different methods of road pricing were identified, including congestion tolling, 

weight-based fees, and distance-based fees.  Mileage-based user fees will be further 

explored in this research, as such a system will give a financial incentive to reduce 

driving, which will in turn improve air quality overall.  Thus, in this research pricing is 

used to achieve air quality goals rather than improving congestion or generating revenue, 

as is often done.  Finally, existing real-world pricing provides a good starting point for 

establishing a MBUF.  Based on work done by the Minnesota DOT, increasing the 

mileage fee from 10 to 15 cents per mile resulted in the greatest change in driver 

behavior. 

The next section outlines the process of selecting appropriate goals, objectives, 

and performance measures.  The literature review forms an important basis for 

identification of applicable measures, both through identification of actual measures 

suggested in literature and of air quality concerns that could be addressed through 

performance measurement.  In addition, the literature review contributes significantly to 

the process of establishing a user-fee system in later sections. 
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3. DEVELOPING A FRAMEWORK OF PERFORMANCE MEASURES

3.1:  Approach 

The goal of this research was to examine how it would be possible to address air quality 

concerns with road pricing.  Performance measurement is used to achieve set goals by 

identifying certain areas for improvement and quantifying how various levels of 

improvement relate to goal attainment.  For this research, performance measures that 

link transport to pollutant emissions and fuel consumption are selected.  Improved 

performance leads to higher achievement of goals, so a financial incentive for better 

performance would help to achieve goals.  Therefore, performance measurement is used 

to influence mileage-based pricing in the hopes of encouraging travel that will improve 

air quality. 

3.1.1:  Research Scope 

Applicable measures are those related directly to roadway vehicles and operation.  Thus, 

off-road vehicles and equipment, such as recreational vehicles, farm equipment, and 

construction equipment, do not fall under the research scope as they are unlikely to fall 

within the purview of an MBUF system.  Transit-related measures were considered 

applicable, but other modes such as air travel and ferries were not considered.  The six 

categories of vehicles selected for consideration are based on vehicle categories used in 

the EPA’s MOVES program, as shown in Table 3.1. 
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Table 3.1:  Potential Mobile Categories Used for This Research 

Category Type Description

Light-Duty 
Vehicles 

Passenger Cars Passenger cars 

Passenger Trucks 

Includes pickup trucks, minivans, passenger vans, and sport 
utility vehicles (SUVs); Light light-duty trucks have a Gross 
Vehicle Weight Rating (GVWR) of less than 6,000 lb, while 

heavy light-duty trucks go up to 8,500 lb 

Motorcycles Design for on-road use, 2 or 3 wheels 

Heavy-Duty 
Vehicles 

Single-Unit Trucks 
(Medium-Duty) 

Includes refuse trucks, short-haul single unit, long-haul single 
unit, and motor homes, or recreational vehicles 

Buses Includes intercity buses, transit buses, and school buses 

Combination 
Trucks 

Includes short-haul and long-haul combination trucks 

However, the analysis discussed in later sections applies only to light-duty vehicles, as 

necessary data were not readily available for heavy-duty vehicles.  Due primarily to data 

considerations, light-duty vehicles were eventually selected as the focus of this research, 

although much of the developed methodology could be applied to heavy-duty vehicles if 

desired. 

3.1.2:  Assumptions 

There were many assumptions that contributed to the direction taken with goals, 

objectives, and measures.  One of the primary assumptions within this research is that 

the entire focus is on air quality goals.  In other words, while there are many other 

important considerations involved in transportation policy such as accessibility, safety, 

and mobility, and considerations within pricing such as equity and revenue, such 

important factors were not considered in this case. 

Another very important assumption is that the necessary technology would be 

available to implement the developed system.  This assumption is extremely important in 

selection of measures, as many potential measures are technology-dependent.  For 

example, many potential measures would require GPS technology to obtain relevant 

data.  Such data could include location, time, and second-by-second speed data.  In 

addition, it was assumed that every driver has access to the necessary technology.  In a 
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real-world situation, this is likely to not be the case, as the cost of such technology may 

be prohibitive to some segments of the population and there is likely to be a significant 

percentage of non-adopters.   

3.1.3:  Development of Overall Goals and Objectives 

As stated in the literature review, goals are used to identify the primary focus for the fee 

system.  In other words, goals broadly define the desired outcomes.  Objectives are then 

used to further define focus areas that will be addressed in order to fulfill the goals.  

Performance measurement is then used to identify and evaluate specific actions 

undertaken to achieve the desired objectives.  A useful illustration of this concept is 

found in the draft of the TxDOT 2011-2015 Strategic Plan, as shown in Figure 3.1. 

Figure 3.1:  Illustration of goals, objectives, and performance measures (reprinted from 66). 

As shown, goals address a broad view of the subject, and objectives and measures are 

used to progressively narrow in on the many factors related to attainment of goals. 
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3.1.4:  Identification and Selection of Goals 

The primary purpose of the mileage-based user fee system developed in this research is 

to address air quality concerns within the system area.  Thus, it is desired that the system 

will result in the reduction of vehicle-related emissions.  A primary concern is the 

emission of the six ‘criteria pollutants’ defined by the EPA in the NAAQSs, which 

include ground-level ozone, particulate matter, carbon monoxide, nitrogen oxides, sulfur 

dioxide, and lead.  Other pollutants may also be considered, such as air toxics.  In 

addition, climate change is a growing concern across the nation, so addressing the 

emission of greenhouse gases such as carbon dioxide is also important.  While the 

emission of pollutants and GHGs are often related, strategies for addressing their 

emission may differ.  Thus, goals should include both a reduction in pollutant emissions 

and in GHG emissions. 

 In addition to reducing emissions, addressing the impacts of these emissions is 

important.  Emissions may have an effect on both the environment and on human health, 

as discussed in the literature review, so it is therefore desirable to reduce these impacts.  

While such goals are related to the reduction of emissions, they are important 

considerations to keep in mind throughout the process of selecting objectives and 

measures as it is unlikely that a total elimination of vehicular emissions is possible.  As a 

result, the selected goals of this research include: 

1. Reduce pollutant emissions from vehicles operating in the effective user fees 
system area; 

2. Reduce greenhouse gas emissions from vehicles operating in the effective user 
fees area; 

3. Reduce the impact of emissions on the population residing in the effective user 
fees area; and 

4. Reduce the impact of emissions on sensitive environmental elements in the 
effective user fees area. 

Finally, it should be noted that Goals 3 and 4 are significantly related to Goals 1 and 2, 

as reduced emissions would reduce environmental and health impacts.  Therefore, these 

goals could be considered as a subset to Goals 1 and 2. 

 

 



31 

3.1.5:  Identification and Selection of Objectives 

Objectives for this research were not directly identified based on the four established 

goals.  Rather, based on the literature review, eight objectives that can be pursued to 

meet the goals were identified.  These encompass ways to reduce actual emissions and 

the impact of emissions, and include objectives related to both vehicle performance and 

driver behavior.  The selected objectives are shown below in Table 3.2. 
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Table 3.2:  Research Objectives, Descriptions, and Relation to Goals 

Objectives: Description and Application: 
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1 
Reduce the number of 
miles of travel in a 
vehicle 

There is a direct relationship between mileage and 
emissions, so reducing total miles driven would 
decrease emissions of both pollutants and GHGs. 

     

2 

Reduce driving in a 
specific sub-area 
and/or at a specific 
time 

It may be desirable to try to limit the amount of 
vehicles in certain areas or at certain times to decrease 
emissions or improve air quality.  For example, 
congestion increases emissions, so encouraging 
drivers to divert to different routes or avoid rush 
hours may improve the situation.  Other areas or 
times to be considered could include environmentally 
sensitive areas and ozone action days. 

   

3 
Increase percentage of 
drivers driving lower 
emissions vehicles 

‘Cleaner’ vehicles that emit fewer pollutants per mile 
would decrease overall emissions. 

 **     ** 

4 
Increase percentage of 
drivers driving more 
fuel efficient vehicles 

Emission of GHGs is related to the amount of fuel 
used; therefore, more fuel-efficient vehicles would be 
expected to emit fewer GHGs per mile. 

**   **    

5 
Increase use of public 
transportation 

If more people use public transportation, there would 
be fewer vehicle-miles emitting pollutants and GHGs. 
Also, congestion situations may be improved. 

     

6 
Reduce driving 
behaviors that increase 
emissions 

Driving behavior plays a part in both emissions and 
fuel consumption levels.  Behaviors that affect 
emissions include hard acceleration (‘aggressive 
driving’), high speeds, idling, and not maintaining the 
vehicle. 

  **

7 
Increase freight 
efficiency and use of 
preferable modes 

By driving with full loads, the number of freight trips 
may be decreased.  Also, some freight modes are 
lower emitters than others. 

   

8 

Begin or increase 
participation in 
training for better 
driving behavior/eco 
driving 

People can improve their driving behaviors to emit 
less and consume less fuel, but may not know how to 
do so.  Such training would provide guidance on 
desired behaviors. 

   

*when applied to a specific/applicable sub-area

**while this objective would help to achieve the goal, the primary focus is on addressing other goals 
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All of the objectives can be applied to multiple goals, meaning that all objectives can be 

used to address both pollutant emissions and greenhouse gas emissions.  This in turn 

tends to reduce impacts on human health and environment.  Several other objectives 

were suggested in brainstorming sessions, but were determined to fall within the scope 

of the above objectives, and can be better addressed at the performance measure level. 

As shown, all of the objectives address factors that in some way affect the 

amount of pollutant or GHG emissions per trip or per mile.  The MBUF will, therefore, 

be related to performance measures that help to achieve these objectives.   

 

3.2:  Development of Performance Measures 

Based on the objectives identified above, performance measures were researched, 

discussed, and narrowed down to identify the most applicable measures to this research.  

For the most part, measures address very specific aspects of vehicle travel that affect 

emissions and over which the driver has some control. 

An extensive list of potential measures for each objective was created based on 

the literature review.  In addition to measures suggested in literary sources, the current 

practices of state DOTs were examined; however, many measures used by DOTs were 

useful for evaluating agency performance, but were not applicable to this research.   

For each objective, the measures identified through literature review and 

brainstorming sessions are listed.  Next, the process behind selection of a final measure 

to represent the objective is discussed.  The final selected measures are further discussed 

in the next section. 

 

3.2.1:  Objective 1—Reduce the Number of Miles of Travel in a Vehicle 

The initial set of potential measures for Objective 1 includes: 

 Total VMT in the area per payment period—weekly/monthly/annually; 
 Ton-miles for freight movement instead of VMT; 
 Drive-alone rate (could be assessed by use of high-occupancy (HOV) lane); 
 Mean or median length of trips by mode (or class of vehicles); 
 Total annual VMT in the area; 
 Total annual VMT per capita in the area; and 
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 Mode/vehicle class share for the area. 

The initial lists of potential measures were further refined and narrowed through several 

brainstorming sessions conducted by TTI researchers specializing in air quality and 

pricing.  Since reducing the total number of miles traveled requires the tracking of actual 

mileage, VMT was determined to be of primary importance for this objective.  

Additionally, tracking of mileage is necessary to utilize a per-mile charge.  Finally, 

measuring freight ton-miles rather than just VMT for heavy vehicles would be desirable 

if heavy-duty vehicles were included in the MBUF system.  

 

3.2.2:  Objective 2—Reduce Driving in a Specific Sub-Area and/or at a Specific Time 

Originally identified measures related to Objective 2 include: 

 Driving within congested areas (potentially during specified times) such as on 
major freeways or in a Central Business District; 

 Driving in locations with known endangered animal or plant species, or habitats; 
 Driving near sensitive areas such as schools and hospitals; 
 Driving in nonattainment areas versus attainment areas; 
 Driving in areas based upon ambient air quality levels; 
 Driving in areas with historically, culturally, or socially significant resources; 
 Driving in hillier areas if other routes are available; 
 Driving during congested times of day (and potentially only certain locations), 

such as during peak hours; 
 Driving during Ozone Action Days; 
 Driving on weekdays versus weekends; and 
 Driving during summer versus winter, which could affect emissions levels based 

on temperature. 

Through the brainstorming session, it was determined that VMT would also be an 

appropriate measure for this objective.  However, VMT would be broken down into 

location and time categories.  The final measure selected was  

 VMT traveled in certain locations or at certain times. 

Many of the above suggested measures could be potentially used as categories to classify 

mileage, at the discretion of the agency implementing the system. 
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3.2.3:  Objective 3—Increase Percentage of Drivers Driving Lower Emissions 

Vehicles 

The initial set of measures related to Objective 3 includes: 

 Vehicle age;
 Vehicle weight or equivalent single axle load (ESAL);
 Vehicle class;
 Vehicle emissions rating based on EPA classification;
 Whether the vehicle is electric, hybrid, or an alternative fuel vehicle (AFV);
 Presence or installation of retrofitted technology;
 Fuel composition and/or octane level; and
 Installation of devices such as filters, etc. in trucks to lower emissions.

As demonstrated through this list, applicable measures for this objective apply directly to 

aspects of the vehicle itself.  It was determined that the measures used for this objective 

would depend primarily on data availability.  For example, knowing the approximate 

tons of pollutants emitted by an individual vehicle would be the most informative 

measure, but would be very difficult to measure without some major technology 

component.  Vehicle class will be used for all system-level measures, so that individual 

vehicles are only compared to system measures representing the same vehicle class.  

Vehicle weight ties in to some extent to vehicle class, and is also much more difficult to 

measure than vehicle class.  From further meetings, it was decided that the vehicle 

emission rating would be the preferable measure.  Vehicle age and vehicle class would 

also be necessary in order to determine the emission rating for light-duty vehicles. 

3.2.4:  Objective 4— Increase Percentage of Drivers Driving More Fuel-Efficient 

Vehicles 

Some of the initial measures identified for Objective 3 would also be applicable to 

Objective 4, while some are unique to Objective 4.  This set of potential indicators 

includes: 

 Vehicle age;
 Vehicle weight or ESALs;
 Vehicle class;
 Whether the vehicle is electric, hybrid, or AFV;
 Presence or installation of retrofitted technology;
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 Engine efficiency; 
 Fuel composition and/or octane level; 
 Vehicle fuel-efficiency (as stated by the manufacturer or measured in-vehicle); 
 Fuel usage (gallons/payment period) based on fuel type (i.e., gasoline, diesel, 

alternative fuel); 
 Percent vehicle lights using light-emitting diode (LED) bulbs; 
 Tons of GHGs emitted; and 
 Vehicle size (related to wind drag), or air drag on vehicle. 

Again, these measures apply to aspects of the vehicle itself, rather than driving behavior.  

Many of the potential measures for this objective are similar to the ones for Objective 3, 

as many vehicle aspects affect both fuel consumption and emission rates.  Again, the 

most desirable measure would be the actual fuel consumed by an individual vehicle, but 

this would also be the most difficult to measure.  Although the fuel efficiency given by 

the vehicle manufacturer is only an average value, it was believed to be sufficient for the 

purpose of this research.  While actual fuel efficiency fluctuates depending on driving 

behaviors and speeds, these factors will be represented to some extent through other 

objectives.  Vehicle age could be used to help determine fuel efficiency in lieu of 

manufacturer data. 

 

3.2.5:  Objective 5—Increase Use of Public Transportation 

The initial set of measures related to Objective 5 includes: 

 Transit availability; 
 Passenger volume on public transportation; 
 Passenger-miles on public transportation; and 
 Number of trips a person takes on public transportation. 

Based on the brainstorming session, the measures were narrowed down to ridership on 

transit, based either on number of trips or passenger miles traveled, depending on which 

is easier to track. 

This measure would not easily tie directly into calculation of a per-mile user fee, 

but would most likely manifest as some sort of waiver or reduction in the final charge to 

the user.  Thus, this measure will serve as an incentive to use transit.  As transit may not 

be available for all users within the system, users should not be penalized for not using 
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transit.  In addition, it was discussed that measurement in this case would likely require a 

technology component, such as a device similar to a toll tag that would track when a 

person enters a transit vehicle.  

3.2.6:  Objective 6—Reduce Driving Behaviors That Increase Emissions 

Identified measures that relate to Objective 6 include: 

 Percent of time with additional power use such as air conditioning (AC), heating,
radio, etc.;

 Extended idling versus auxiliary power units for trucks;
 Refueling time of day;
 Tracking whether vehicle is properly maintained (potentially using internal

computer), such as brake condition, tire condition, emissions-control system,
etc.;

 Frequency or occurrence of high acceleration or deceleration;
 Percent of time spent idling;
 Percent of time speed exceeds a specified amount;
 Amount of hill climbing; and
 Coasting instead of excessive hard braking.

Many different driving behaviors, as well as other behaviors like maintaining the 

vehicle, affect the emission rates of the vehicle.   

Out of the many possible measures, vehicle speed and ‘aggressive’ driving 

behaviors were selected as the measures that would have the most influence on emission 

levels, and had the greatest potential to be measured.  In addition, only speeds that 

exceed a determined ‘optimal’ speed would be considered, rather than including very 

low speeds.  While very low speeds also have a negative influence on emission levels, 

low speeds are typically not avoidable by the driver as they tend to pertain to stops at 

traffic signals and congestion.  Similarly, vehicle idling time was dismissed as 

potentially out of the driver’s control.  So-called aggressive driving behaviors are also 

targeted in that such behaviors can be avoided for the most part by the driver.  Measures 

related to this objective would require a technology component such as a GPS system or 

an on-board diagnostic system.   
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3.2.7:  Objective 7—Increase Freight Efficiency and Use of Preferable Freight Modes 

Potential measures related to Objective 7 include: 

 Ton-miles for freight movement instead of VMT, by mode; 
 Number of empty freight trips; 
 Emissions and fuel consumption per ton-mile for different freight modes; and 
 Percent of freight movement by mode. 

Through the brainstorming session, it was discussed that shifting freight to modes that 

emit fewer pollutants and consume less fuel is desirable.  However, shifting of freight to 

other modes may not relate to individual drivers in a way that is applicable to the fee 

framework.  Encouraging fewer empty freight trips would hopefully reduce the total 

number of trips taken.  Additionally, ton-miles would likely be a more useful 

performance measure than just mileage for freight trips.   

 However, light-duty vehicles were eventually selected as the focus of this 

research, so this objective was not addressed further.  Such measures could be 

considered in future research, especially if heavy-duty vehicle data were more readily 

available. 

 

3.2.8:  Objective 8—Begin or Increase Participation in Training or Web-Based 

Resources for Better Driving Behavior or Eco-Driving 

The measures associated with Objective 8 include: 

 Participation in some sort of online training to promote ‘green’ driving habits; 
and 

 How often such training is completed. 

The idea behind this objective was to encourage training of drivers to make them aware 

of eco-driving behaviors.  For example, while ‘aggressive’ driving behaviors are 

addressed in Objective 6, individual drivers may not be aware of what such behaviors 

are.   

Again, this measure would not likely tie into calculation of a per-mile fee, but 

would rather likely be applied as a waiver or reduction from the final user amount the 

driver owes for a certain billing period.  Researchers discussed the fact that such a 

training program would need to be available before this measure could be used.  Such a 
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program might be similar to defensive driving training currently available online.  In 

addition, it would have to be determined whether participation would apply throughout 

the year that it was taken or just to one billing period, and whether the training would be 

‘renewed’ periodically. 

3.3:  Concluding Remarks 

Performance measurement is used in this research to link pricing to achievement of air 

quality goals.  The relationship among performance measures, objectives, and goals was 

discussed in this section.  Performance measures identify very specific elements to be 

acted upon to address objectives, which in turn define important components of 

achieving goals.  The overall goal of the research is to improve air quality.  Thus, the 

defined goals represent what should be achieved through performance measurement and 

pricing: 

1. Reduce pollutant emissions from vehicles that are operating in the effective user
fees system area;

2. Reduce greenhouse gas emissions from vehicles that are operating in the
effective user fees area;

3. Reduce the impact of emissions on the population residing in the effective user
fee area; and

4. Reduce the impact of emissions on sensitive environmental elements in the
effective user fees area.

Eight objectives were selected that relate to the above air quality goals, although 

Objective 7 will not be addressed in this research, as the focus of this research will be 

light-duty vehicles only. 

In addition, many performance measures were identified that could be used to 

address each objective.  These measures were narrowed down to a total of nine—at least 

one for each objective, as shown in Table 3.3.   
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Table 3.3:  Summary of Selected Performance Measures 

Objectives: Selected Performance Measure 

1 - Reduce the number of miles of travel in a vehicle 1 - Vehicle-miles traveled 

2 - 
Reduce driving in a specific sub-area and/or at a 
specific time 

2 - 
Vehicle-miles traveled in certain 
locations and at certain times 

3 - 
Increase percentage of drivers driving lower 
emissions vehicles 

3 - Vehicle emissions rating 

4 - 
Increase percentage of drivers driving more fuel 
efficient vehicles 

4 - Vehicle fuel economy 

3 and 4 5 - Vehicle age 

5 - Increase use of public transportation 6 - Trips on transit 

6 - Reduce driving behaviors that increase emissions 
7 - 

Time traveled at greater than 
optimal air quality speed 

8 - 
Time spent with ‘hard’ 
accelerating/braking 

7 - 
Increase freight efficiency and use of preferable 
modes 

-- N/A 

8 - 
Begin or increase participation in training for 
better driving behavior/eco driving 

9 - Driver training participation 

 
 
 
The next section addresses details of each selected measure, including potential data 

requirements.    
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4. QUANTIFICATION OF THE PERFORMANCE MEASURES

4.1:  Measure 1—Vehicle-Miles Traveled 

This measure is of primary importance, since the fee to be developed is charged on a 

per-mile basis.  Mileage also significantly affects the amount of pollutants emitted by the 

vehicle.  The measure at the individual level would be composed of the VMT per billing 

period.  In this case, the input would be the same as the output.  The data requirement for 

this measure could be fulfilled simply by odometer readings, which is favored by the 

public for privacy reasons.  However, GPS data would also be useful, especially as an 

extra check of the data. 

4.2:  Measure 2—Vehicle-Miles Traveled in Certain Locations and At Certain 

Times 

The applicable times and locations for this measure can be changed as desired, and 

selected based on policy.  Locations could be determined by zones or be composed of 

certain roadway facilities.  Times could include different hours in the day, or different 

days such as weekdays and weekends.  The tables presented in this section illustrate one 

example of how this measure could work.  In addition, mileage could potentially be used 

from this measure for pricing, in that higher mileage fees could be applied in certain 

locations or at certain times rather than one rate being applied to overall mileage 

provided by Measure 1.  However, the use of both Measure 1 and Measure 2 would 

provide quality assurance since mileage is of utmost importance. 

4.2.1:  Measure 2 Example 

For this measure, mileage would need to be divided into categories based on when and 

where the mileage occurred.  For this measure, a GPS system would be required so that 

location or time could be tracked along with mileage.  Mileage could then be totaled at 

the end of the billing period based on time and location, as demonstrated in Table 4.1. 
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Table 4.1:  Example of Individual Mileage by Time and Location Categories 

Area 
(Location) 

Time 
Area 
Total 

(miles) 

Normal Days Ozone Action Days 
AM Peak 
(miles) 

PM Peak 
(miles) 

Off-Peak 
(miles) 

AM Peak 
(miles) 

PM Peak 
(miles) 

Off-Peak 
(miles) 

A 100 100 0 20 10 0 230 

B 50 50 75 20 10 15 220 

C 50 50 25 10 5 10 150 

Time of 
Day Total 

200 200 100 50 25 25 TOTAL 

500 miles 100 miles 600 miles 

 
 
 
The above table shows mileage that occurred in three separate areas and at different 

times, for illustration purposes only.  Times were further disaggregated by separating 

mileage that occurred on ozone action days.  Different mileage fees could be applied to 

the above mileage.  For example, higher mileage fees could be applied to mileage that 

occurred during ozone action days or to mileage that occurred in desired locations, such 

as environmentally-sensitive areas or nonattainment areas.  As stated, the above table is 

only an example of how data could be disaggregated for this measure.   

While this measure also tracks mileage, it requires much more detailed data than 

Measure 1.  For this measure, some sort of GPS system would be necessary in order to 

track both location and time of travel.   

 

4.3:  Measure 3—Vehicle Emissions Rating 

The vehicle emissions rating gives an overall view of how the vehicle performs in 

relation to the amount of pollutant emissions.  For light-duty vehicles, the emissions 

rating is fairly easy to determine.  The EPA offers an Air Pollution Score for many 

different makes and models in its online Green Vehicle Guide (67).  While older 

vehicles may not be found in this guide, their score could be determined based on 

vehicle class, as shown in Table 4.2.   
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Table 4.2:  EPA Air Pollution Scores  
US EPA Federal Air Pollutant Emission Standards for Light-Duty Vehicles 

Tier 2 Program 

Air 
Pollution 

Score 
Model Year Vehicle Types 

Emission Limits at Full Useful Life 
(100,000 to 120,000 Miles) 

Maximum Allowed Grams per Mile 
NOx NMOG CO PM HCHO 

10 2004+ LDV, LLDT, HLDT, MDPV 0.00 0.000 0.0 0.00 0.000 
9 2004+ LDV, LLDT, HLDT, MDPV 0.02 0.010 2.1 0.01 0.004 
8 2004+ LDV, LLDT, HLDT, MDPV 0.03 0.055 2.1 0.01 0.011 
7 2004+ LDV, LLDT, HLDT, MDPV 0.04 0.070 2.1 0.01 0.011 
6 2004+ LDV, LLDT, HLDT, MDPV 0.07 0.090 4.2 0.01 0.018 
5 2004+ LDV, LLDT, HLDT, MDPV 0.10 0.090 4.2 0.01 0.018 
4 2004+ LDV, LLDT, HLDT, MDPV 0.15 0.090 4.2 0.02 0.018 
3 2004+ LDV, LLDT, HLDT, MDPV 0.20 0.125 4.2 0.02 0.018 
3 2004-2008 HLDT, MDPV 0.20 0.156 4.2 0.02 0.018 
2 2004-2006 LDV, LLDT 0.30 0.090 4.2 0.06 0.018 
2 2004-2006 LDT2 0.30 0.130 4.2 0.06 0.018 
2 2004-2008 HLDT, MDPV 0.30 0.180 4.2 0.06 0.018 
1 2004-2006 LDV, LLDT 0.60 0.156 4.2 0.08 0.018 
1 2004-2008 HLDT, MDPV 0.60 0.230 6.4 0.08 0.027 
1 2004-2008 LDT4, MDPV 0.60 0.280 6.4 0.08 0.027 
0 2004-2008 MDPV 0.90 0.280 7.3 0.12 0.032 

Tier 1 Program 
1 1994-2003 LDV 0.60 0.310 4.2 0.10 -- 
1 1994-2003 LDT1 0.60 0.310 4.2 0.10 0.800 
0 1994-2003 LDV 1.25 0.310 4.2 0.10 -- 
0 1994-2003 LDT1 1.25 0.310 4.2 0.10 0.800 
0 1994-2003 LDT2 0.97 0.400 5.5 0.10 0.800 
0 1994-2003 LDT3 0.98 0.460 6.4 0.10 0.800 
0 1994-2003 LDT4 1.53 0.560 7.2 0.12 0.800 

 
*note: the acronyms used in this table are defined in the Nomenclature Section 

 
 
 
Thus, for light-duty vehicles, the score would be a fixed value for the vehicle, and could 

be fairly easily determined from online resources, given vehicle model and year. 

 For heavy-duty vehicles, the EPA does not provide such scores.  A ranking 

system of heavy-duty vehicles based on class and year could be used if heavy-duty 

vehicles were investigated in the future.   

 

4.4:  Measure 4—Vehicle Fuel Economy 

Actual vehicle fuel economy depends on factors such as fuel type and vehicle type.  For 

the purpose of this measure, the fuel economy will depend on these factors.  The 

measure for an individual vehicle will be a set value.  The EPA includes fuel efficiency 

information for all the vehicles listed in their Green Vehicle Guide.  Both ‘city’ and 

‘highway’ fuel efficiencies are included, as shown below in Figure 4.1. 
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Figure 4.1:  Green Vehicle Guide fuel economy (reprinted from 68). 

 
 
 
As shown, the ‘city’ fuel economy is less than the ‘highway’ fuel economy, which is 

expected as highway driving typically includes fewer stops and starts, and typically does 

not include very low speeds.  Weights can be applied to the two values in order to 

account for different times spent driving in a city setting versus a highway setting.  

Weights could either be determined per individual based on his or her actual driving, or 

could be set weights determined by the administrators of the framework.  For example, 

the EPA calculates their combined fuel economy with slightly more weight given to city 

driving, as shown (Equation 4.1): 

ݕ݉݋݊݋ܿܧ	݈݁ݑܨ	ܾ݀݁݊݅݉݋ܥ ൌ
1

0.55
ൗݕ݉݋݊݋ܿܧ	݈݁ݑܨ	ݕݐ݅ܥ ൅ 0.45

ൗݕ݉݋݊݋ܿܧ	݈݁ݑܨ	ݕܽݓ݄݃݅ܪ
 

The Green Vehicle Guide only has information on vehicles of model year 2000 or newer.  

However, fuel economy data are available online for vehicles going back to 1984 

through the EPA and the Department of Energy (DOE) (69). 

 

4.5:  Measure 5—Vehicle Age 

Vehicle age affects both emission rates and fuel efficiency.  This measure would be 

needed to determine vehicle fuel efficiency and the air pollution score given by the EPA.  

4.1
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Simply put, this measure would consist of the number of years since the vehicle was 

manufactured.  The vehicle age should be known, as long as the manufacturing year of 

the vehicle or engine is known. 

If the performance measurement system were applied to heavy-duty vehicles, the 

age of the vehicle would likely be a primary performance measure, as fuel efficiency and 

emissions ratings are not typically available.  For heavy-duty vehicles, the 

manufacturing year of the engine may be more useful.   

 

4.6:  Measure 6—Trips on Transit 

The purpose of this measure is to encourage the use of transit, which in turn results in 

fewer vehicles on the road.  Some control should be in place to account for lack of 

transit options in different areas.  It is likely that this measure would not directly affect 

the mileage-based fee, as transit use does not directly affect a vehicle’s emissions, but 

rather the number of miles driven.  One potential use for this measure would be to offer 

some sort of waiver or decrease to the final amount owed, in order to encourage transit 

use. 

Vehicle classes are not a consideration for this measure, and this measure would 

not apply to heavy-duty vehicles, as it would typically involve individual travelers.  The 

measure consists of the number of trips taken on transit.  To collect such data, an 

identification system would likely be needed that could keep track of the number of trips 

an individual has taken.  Many transit agencies have fare cards that track trips. 

 

4.7:  Measure—Time Traveled At Speed Greater Than Optimal Air Quality Speed 

Since traveling above a certain speed increases emissions and fuel consumption, the 

purpose of this measure is to discourage traveling above an ‘optimal speed.’  Of course, 

very low speeds also increase emissions and fuel consumption, but avoiding driving at 

low speeds may be difficult or impossible for a driver, since low speeds are typically the 

result of the system rather than driver behavior.  In other words, drivers cannot change 

their behavior to avoid stopping at traffic signals or slowing down in heavy traffic.  
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Thus, this measure will consist of the percentage of time that the driver is traveling 

above an optimal speed on a freeway or highway facility per billing period.  A typically 

recognized value of 60 mph is suggested for use as the optimal air quality speed.  

However, policymakers could change this value if desired, perhaps to reflect higher 

speed limits in the area.  For example, if many of the highways in the priced area had a 

speed limit of 70 mph, encouraging travel below 60 mph may prove dangerous to 

drivers.  A system such as GPS would be required for this measure, as it would have the 

ability to record second-by-second speed data, keep track of the total number of seconds 

where speed exceeded 60 mph, and indicate whether the driver is on a freeway or 

highway.  Alternatively, on-board diagnostic units may be an alternative for collecting 

second-by-second speed data.  If location data were not available, ‘highway’ travel could 

be classified as all travel above 50 mph, in which case this measure would determine the 

percent of time ‘highway speed’ is above 60 mph, or the chosen optimal speed.  For the 

purpose of this framework, the measure will be calculated as (Equation 4.2): 

݈ܽ݉݅ݐ݌ܱ	݁ݒ݋ܾܣ	݀݁݁݌ܵ	ݕܽݓ݄݃݅ܪ	ݐ݊݁ܿݎ݁ܲ ൌ 	
ሻܿ݁ݏሺ	݄݌݉	60	݁ݒ݋ܾܣ	݁݉݅ܶ	݈ܽݐ݋ܶ
ሺsecሻ	݄݌݉	50	݁ݒ݋ܾܣ	݁݉݅ܶ	݈ܽݐ݋ܶ

ൈ 100 

 

4.7.1:  Impact of High Speed on Emissions 

Although it was known that emissions increase on the highway with higher speeds, the 

actual impact of this driving behavior was not known.  Since these factors figure 

prominently in the pricing framework, some analysis was undertaken to determine the 

approximate effect that high speed has on emissions.  GPS data from two vehicles driven 

by TTI employees were used to determine the effect of high speed.  Between the two 

vehicles, 13 speed profiles were identified that included some amount of highway 

driving, in this case taken to occur when speed was above 50 mph, as exact location was 

not known.  Each speed profile includes second-by-second speed data for a single 

vehicle-trip.  For illustration, graphs of the initial 13 speed profiles are included in 

Appendix A.  Table 4.3 shows a summary of each speed profile. 

 

 

4.2
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Table 4.3:  Speed Profile Summary 

Profile 
Number 

Total 
Time 
(sec) 

Time Spent 
over 60 mph 

(sec) 

Highway Time 
(Time Spent over 

50 mph [sec]) 

Percent 
‘Highway 

Time’ 

Percent of 
‘Highway Time’ 

over 60 mph 

1  805  261  356 44.22% 73.31% 

2  969  101  189 19.50% 53.44% 

3  636  2  31 4.87% 6.45% 

4  1056  72  180 17.05% 40.00% 

5  1307  807  955 73.07% 84.50% 

6  1266  890  970 76.62% 91.75% 

7  1728  22  68 3.94% 32.35% 

8  928  16  43 4.63% 37.21% 

9  679  16  42 6.19% 38.10% 

10  3227  21  411 12.74% 5.11% 

11  2871  2003  2098 73.08% 95.47% 

12  2960  1907  2069 69.90% 92.17% 

13  2318  733  954 41.16% 76.83% 

Average  1596  527  644 34.38% 55.90% 

 
 
 
The percent of highway time and the percent of highway driving at speeds greater than 

60 mph were calculated in order to evaluate the changes in emissions associated with 

performance.  The emission rates resulting from each speed profile were evaluated using 

the EPA’s emissions modeling program MOVES 2010a. 

 MOVES can be used to obtain emission rates, as well as total emissions, for 

many different vehicle types, road types, and pollutants.  To obtain emission rates (i.e., 

grams per mile of pollutant emitted) MOVES is run at the project level, rather than a 

broader scale such as county or state level.  Various inputs that can influence emission 

rates, such as time of day, time of year, temperature, and vehicle characteristics are 

selected or entered by the user.  Default values that use national-level averages are 

available for use.  Additionally, emissions resulting from different vehicle processes can 

be calculated, such as emissions from running exhaust, from starting exhaust, or from 

brake wear.  For simplification, only running emissions were accounted for in this 

research.  In addition, the following assumptions were made: 
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 The run was assumed to be for July 2011, between 11:00 a.m. and noon on a 
weekday; 

 The temperature was assumed to be 95 degrees Fahrenheit, with a relative 
humidity of 40 percent; 

 The vehicle type assumed to be a 2011 model running on gasoline; 
 The road type was considered to be urban restricted access, as highway travel 

was the primary interest; 
 Pollutants observed include CO2, VOC, NOx, CO, total hydrocarbons (THC), 

PM2.5, and SO2, with only running exhaust emissions used; and 
 Only highway driving, with speed greater than 50 mph, was run in MOVES. 

The same speed profiles and assumptions were used in MOVES for passenger cars, 

passenger trucks, and motorcycles, to determine output emission rates.  It should be 

noted that the results are only applicable to light-duty vehicles, since drive patterns are 

typically different for heavy-duty vehicles.  However, the focus of this research is light-

duty vehicles only.  In addition, it is important to remember that only the effects of high 

speed was investigated here.  In other words, there may be other causes for differences in 

emission values, but for the purpose of this research, they are assumed to be negligible. 

Figure 4.2 shows the resulting emission rates, in grams per mile, for each 

pollutant type, compared to the percent of highway travel driven at 60 mph or greater. 
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Figure 4.2:  Emission rates based on highway speeds over 60 mph. 
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For all pollutants except CO2, the emission rates for motorcycles are much higher than 

for passenger cars and trucks.  Figure 4.3 shows emission rates for passenger cars and 

trucks only, so that the results may be seen more clearly. 

 

 
Figure 4.3:  Emission rates based on highway speeds over 60 mph for passenger cars and trucks 

only. 
 
 
 
As shown, in general the overall emission rates increase with an increase in the 

percentage of highway speeds over 60 mph, which is the expected result.  The extent of 
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the increase varies depending on the pollutant.  The only instance where this does not 

happen occurs with VOC, NOx, and CO emissions from motorcycles, where the 

emissions actually decrease with an increased percentage of highway speeds over 

60 mph.  However, the drive cycles for motorcycles are not necessarily similar to 

passenger cars and trucks.  Performing the analysis with motorcycle GPS data would be 

desirable.  For this research, the above results are assumed to be applicable for 

motorcycles. 

 

4.8:  Measure 8—Time Spent Aggressively Accelerating/Braking 

Driving aggressively increases emissions and fuel consumption.  For simplicity, 

‘aggressive driving’ will be defined as hard acceleration or deceleration in this measure.  

This measure is represented as the percentage of time that a threshold acceleration or 

deceleration value is exceeded by the vehicle.  To determine the threshold values used in 

this framework, second-by-second speed data collected by TTI employees was used.  

The 85th percentile acceleration value was chosen to represent ‘hard’ acceleration.  

Similarly, the 85th percentile deceleration value was chosen to represent ‘hard’ braking.  

In addition, different levels of acceleration/deceleration are required depending on what 

speed the vehicle is driving.  Therefore, different threshold values were determined for 

speeds between 5 and 25 mph, speeds between 25 and 50 mph, and speeds above 

50 mph.  Speeds below 5 mph were not included in determining the 85th percentile 

threshold, as hard acceleration often occurs when starting from a stopped position.  The 

threshold acceleration values and threshold deceleration values obtained are shown in 

Table 4.4, as well as the rounded values that were used. 
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Table 4.4:  Threshold (85th Percentile) Acceleration/Deceleration Values 
Speed Subject 1 Subject 2 Average Use: 

Acceleration 

0 to 25 mph 3.1 mph/s 2.7 mph/s 2.9 mph/s 
3.5 mph/s 

5 to 25 mph 3.8 mph/s 3.3 mph/s 3.55 mph/s 

25 to 50 mph 2.0 mph/s 1.8 mph/s 1.9 mph/s 2 mph/s 
Greater than or 
equal to 50 mph 

1.0 mph/s 0.6 mph/s 0.8 mph/s 1 mph/s 

Deceleration 

0 to 25 mph -3.7 mph/s -2.8 mph/s -3.3 mph/s 
-3.5 mph/s 

5 to 25 mph -4.3 mph/s -3.0 mph/s -3.65 mph/s 

25 to 50 mph -1.8 mph/s -1.8 mph/s -1.8 mph/s -2 mph/s 
Greater than or 
equal to 50 mph 

-1.0 mph/s -0.6 mph/s -0.8 mph/s -1 mph/s 

*where mph is miles per hour and mph/s is miles per hour per second 

 
 
 
For the purpose of this research, these values are assumed to apply to all light-duty 

vehicle types.  However, the same analysis should be performed for light-duty passenger 

trucks and for motorcycles separately, if possible, as the drive cycles are not necessarily 

similar to light-duty passenger cars. 

The performance measure would track the total time where acceleration or 

deceleration was greater than these threshold value, depending on the speed the vehicle 

is traveling, on a second-by-second basis.  The final measure would be calculated as a 

percentage of the total driving time, as shown below (Equation 4.3): 

݊݋݅ݐܽݎ݈݁݁ܿ݁ܦ/݊݋݅ݐܽݎ݈݁݁ܿܿܣ	݀ݎܽܪ	ݐ݊݁ܿݎ݁ܲ

ൌ 	
∑ ଷ݅	݁݃݊ܽݎ	݀݁݁݌ݏ	ݎ݋݂	݈݀݋݄ݏ݁ݎ݄ݐ	ݏ݀݁݁ܿݔ݁	݈݁ܿ݁݀/݊݋݅ݐܽݎ݈݁݁ܿܿܽ	ݏ݀݊݋ܿ݁ݏ	݊݅	݁݉݅ݐ
௜ୀଵ

ሺsecሻ	݁݉݅ܶ	݈ܽݐ݋ܶ
ൈ 100 

The speed ranges would include speeds of 0 to 25 mph, 25 to 50 mph, and greater than 

50 mph. 

 

4.8.1:  Impact of Hard Acceleration/Braking on Emissions 

As with high speed driving, the exact impact of this aggressive driving behavior was not 

known.  Additional analysis was undertaken to determine the approximate effect that 

hard acceleration/braking has on emissions, using the same speed profiles as the 

4.3
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previous section, along with an additional 17 speed profiles that did not include any 

highway driving.  Table 4.5 shows a summary of each speed profile. 

 

 
Table 4.5:  Acceleration Profile Summary 
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1 805  744  378 168  82 22.58% 21.69% 

2 969  775  391 306  163 39.48% 41.69% 

3 636  521  273 211  103 40.50% 37.73% 

4 1056  732  366 229  109 31.28% 29.78% 

5 1307  1107  559 146  75 13.19% 13.42% 

6 1266  1130  581 141  72 12.48% 12.39% 

7 1728  1119  587 437  224 39.05% 38.16% 

8 928  618  337 194  103 31.39% 30.56% 

9 679  548  296 132  72 24.09% 24.32% 

10 3227  2107  1029 591  267 28.05% 25.95% 

11 2871  2539  1336 202  102 7.96% 7.63% 

12 2960  2699  1375 253  126 9.37% 9.16% 

13 2318  1864  929 404  191 21.67% 20.56% 

14 1471  1200  605 282  143 23.50% 23.64% 

15 504  412  222 217  114 52.67% 51.35% 

16 601  454  234 198  106 43.61% 45.30% 

17 1086  777  380 236  114 30.37% 30.00% 

18 499  465  240 137  68 29.46% 28.33% 

19 434  391  177 148  74 37.85% 41.81% 

20 1464  1049  546 269  143 25.64% 26.19% 

21 702  528  243 200  89 37.88% 36.63% 

22 1420  765  368 336  171 43.92% 46.47% 

23 353  333  175 201  109 60.36% 62.29% 

24 330  310  149 201  97 64.84% 65.10% 

25 4346  3874  2019 112  78 2.89% 3.86% 

26 334  317  152 199  95 62.78% 62.50% 

27 501  485  244 352  183 72.58% 75.00% 

28 426  419  214 350  182 83.53% 85.05% 

29 386  381  194 347  181 91.08% 93.30% 

30 469  454  231 354  184 77.97% 79.65% 

Average 1203  971  494 252  127 38.73% 38.98% 
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As shown in the table, the percent of hard acceleration and deceleration tends to be fairly 

similar to the percent of hard positive acceleration only in each speed profile. 

These 30 speed profiles were run with the EPA MOVES program, with similar 

assumptions as used in the previous section.  The full speed profiles were run, including 

non-highway travel.  Figure 4.4 shows the resulting emission rates, in grams per mile, 

for each pollutant type.  The emission rates is plotted against the independent variable of 

percent hard acceleration and deceleration. 
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Figure 4.4:  Emission rates based on hard acceleration/deceleration. 
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Again, not all of the data can be clearly seen due to the higher scale of emissions for 

motorcycles, with the exception of the graph for CO2.  Figure 4.5 shows results more 

clearly for passenger cars and trucks. 

 

 

 
Figure 4.5:  Emission rates based on hard acceleration/deceleration for passenger cars and trucks 

only. 
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Figure 4.5 shows how, in general, the overall emission rates increases when the percent 

of hard acceleration and deceleration increases.  This positive relationship holds true for 

all pollutant types, although the amount of increase varies.  The only instance where this 

does not happen occurs with NOx emissions from motorcycles, where the emissions 

actually decrease with greater hard acceleration/deceleration.  However, the drive cycles 

for motorcycles are not necessarily similar to passenger cars and trucks.  Performing the 

analysis with motorcycle GPS data would be desirable.  For this research, this result is 

assumed to be applicable for motorcycles. 

 

4.9:  Measure 9—Driver Training 

The idea behind this measure is to encourage drivers to learn how to drive in a more eco-

friendly way.  While the training may not a have a significant effect on emissions, it may 

encourage drivers to be more aware of how they are driving.  In addition, some of the 

other measures may be confusing to the public, and such training could help to keep the 

public up to date about ways to increase their performance and pay less per mile.  One 

study found fuel savings of about 5 percent with eco-driving training, and about 

10 percent with both training and some sort of continuous feedback (70).  Like the 

transit measure (Measure 6), this measure would not likely directly impact the mileage-

based fee, but could result in some reduction of the final amount owed.  The measure 

would consist of whether the individual participated in training or not.  Such training 

could be a one-time class, or could be renewed on a yearly basis.  If such a training 

program were implemented, it would likely be online, similar to existing defensive 

driving programs.  A user could even potentially log into the account where they pay 

their mileage fee, take the training there, and the site could log that they had completed 

it.   

 

4.10:  Concluding Remarks 

The performance measures selected for use in this research were further defined in this 

section.  Some measures relate specifically to characteristics of the vehicle, including 
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vehicle age, fuel economy, and emissions rating.  Others relate to actions taken by the 

individual, such as amount driven, driving behavior, and use of transit or training.  The 

approximate effect of ‘aggressive driving’ behaviors was illustrated in order to better 

define the relationship between these driving behaviors and air quality impacts.  These 

impacts of high speed and hard acceleration/deceleration on emissions will be utilized in 

the next section. 

While odometer readings could be used for simple mileage, many of the other 

measures require some sort of technology component for data collection, such as GPS or 

on-board diagnostic units.  Therefore, calculation of most measures would depend on the 

technology available.  The ‘aggressive driving’ measures would certainly require some 

technology component.   

 The next section will illustrate how performance on these measures will be used 

to calculate approximate emission rates, which will then be used to develop a final 

performance score. 

  



59 

5. COMBINING PERFORMANCE MEASURES

5.1:  Overview 

The performance measures developed for this research are used in different ways.  

Vehicle mileage is used primarily as a means of determining the final fee due, as a 

mileage-based fee is applied directly to mileage.  However, some mileage may be 

charged at a higher rate, such as mileage occurring during peak hours.  Such criteria can 

be selected as needed.  Additionally, measures such as trips on transit or participation in 

eco-driving training do not have a direct impact on vehicle emissions, and are best not 

applied directly in determining the mileage fee.  A suggested application for these 

measures would be as waivers or reductions in the final amount owed by the user. 

However, some measures developed for this research affect vehicular emission 

rates in a much more direct way.  These measures are useful for determining the 

mileage-fee that should be charged to a particular user and will be addressed in this 

section.  Vehicle classification and age will be used to determine baseline emission rates 

for CO2, VOC, NOx, CO, and PM2.5.  Performance on the other measures (vehicle 

emissions rating, fuel efficiency, and driving behaviors) will be used to scale up or scale 

down an individual’s emission rates.  The final emission rates will be used to determine 

performance scores for each pollutant based on anticipated distributions of results.  A 

final performance score can be calculated by combining scores for individual pollutants. 

5.2:  MOVES Baseline Emission Rates 

Emission rates are the amount of pollutant emitted by a vehicle per mile.  Performance 

Measure 5, Vehicle Age, is used to determine baseline emission rates for an individual 

vehicle, in addition to vehicle class.  For simplification, vehicle model years were 

grouped into several strata:  2010+, 2007-2009, 2004-2006, 2000-2003, 1996-1999, 

1992-1995, 1988-1991, and pre-1988.  Baseline emission rates for these model years and 

for each vehicle class were calculated using the EPA’s MOVES program. 
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To determine baseline emission rates, national averages provided by the program were 

used when available, including national-level operating mode distributions.  For 

simplification, the following assumptions were used: 

 The run was assumed to be for July 2011, between 11:00 a.m. and noon on a 
weekday, in Texas; 

 The temperature was assumed to be 88.5 degrees Fahrenheit, with a relative 
humidity of 55.6 percent; 

 Light-duty vehicles were assumed to use gasoline; 
 Vehicle model years ranged from 1981 to 2011; 
 The road types used were urban restricted access and urban unrestricted access; 
 Average speeds of 35 mph for the unrestricted access facility and 60 mph for the 

restricted access facility were used; and 
 Pollutants observed include CO2, VOC, NOx, CO, THC, PM2.5, and SO2, with 

only running exhaust emissions used. 

Results were averaged for each vehicle class and vehicle age bin.  The two rates 

obtained for the restricted access facility and the unrestricted access facility were 

averaged to determine the final base rates that would be used for each vehicle class.  

These final rates represent a very general estimate.  Tables 5.1 through 5.3 show the 

calculated base rates for each vehicle class. 

 

 
Table 5.1:  MOVES Base Emission Rates for Passenger Cars 

Model Year 
Averaged Pollutant Rate in g/mile 

on Urban Facilities 
CO2 VOC NOx CO PM2.5 

2010+ 475.616 0.004 0.034 0.877 0.002 

2007-2009 470.543 0.006 0.053 1.244 0.002 

2004-2006 478.110 0.016 0.140 2.709 0.003 

2000-2003 476.155 0.093 0.678 4.902 0.004 

1996-1999 468.423 0.305 1.280 8.338 0.007 

1992-1995 463.843 0.605 2.227 13.512 0.013 

1988-1991 468.373 0.970 2.584 19.807 0.026 

pre-1988 529.564 1.671 2.622 32.990 0.037 
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Table 5.2:  MOVES Base Emission Rates for Passenger Trucks 

Model Year 
Averaged Pollutant Rate in g/mile 

on Urban Facilities 
CO2 VOC NOx CO PM2.5 

2010+ 586.547 0.024 0.181 1.398 0.003 

2007-2009 630.073 0.026 0.202 1.814 0.003 

2004-2006 671.450 0.071 0.388 3.803 0.004 

2000-2003 663.515 0.251 1.320 8.892 0.005 

1996-1999 629.306 0.517 1.960 13.845 0.008 

1992-1995 583.763 1.518 4.277 28.485 0.021 

1988-1991 608.585 2.013 4.640 39.157 0.034 

pre-1988 707.104 3.149 4.582 59.566 0.060 

Table 5.3:  MOVES Base Emission Rates for Motorcycles 

Model Year 
Averaged Pollutant Rate in g/mile 

on Urban Facilities 
CO2 VOC NOx CO PM2.5 

2010+ 376.323 0.838 0.418 9.278 0.016 

2007-2009 376.323 1.060 0.428 11.092 0.016 

2004-2006 376.323 1.506 0.447 14.718 0.016 

2000-2003 376.323 1.873 0.592 20.000 0.016 

1996-1999 368.855 1.746 0.565 19.281 0.016 

1992-1995 352.100 1.725 0.570 18.778 0.016 

1988-1991 331.871 1.712 0.575 18.270 0.016 

pre-1988 328.525 2.820 0.652 23.129 0.016 

For reference, the emission rates for both speeds are provided in Appendix B. 

The base emission rates for an individual are selected based on vehicle class and 

model year.  These rates are then scaled up or down based on other performance 

measures for each individual, including vehicle emissions rating, fuel efficiency, 

percentages of highway speeds over 60 mph, and hard acceleration/deceleration.  The 

next section describes the derivation of scaling factors for each performance measure 

that will be applied to the baseline emission rates. 
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5.3:  Turning Performance into Scaling Factors 

In order to determine how performance on these measures should affect the mileage fee, 

it was desirable to determine how performance would affect emission rates.  An 

individual’s performance on each measure could then be used to scale a base emission 

rates up or down.  The final emission rates could then be compared to anticipated 

emission rates across the system to determine a performance score. 

 

5.3.1:  Measure 3 – Vehicle Emissions Rating 

The purpose of Measure 3 is to offer an advantage for vehicles that emit fewer 

emissions.  Therefore, performance on this measure can be used to scale down the 

vehicle’s emission rates.  However, poor performance on this measure (i.e., a high 

emitting vehicle) will not scale up the vehicle’s emission rates.  This is because the EPA 

standards that relate to the vehicle emissions rating framework are only given as 

maximum allowed grams per mile of certain pollutants, which is the emission amount 

the vehicle is certified to not exceed.  The vehicle may not necessarily have such high 

emissions on average.  Thus, without more detailed information, we assume that this 

measure can only be advantageous to the user.   

For this research, the Federal Tier 2 standards will be used, rather than the more 

stringent Low Emission Vehicle (LEV) II standards used in California.  The Federal 

Tier 2 standards give maximum allowed grams per mile for different air pollution 

‘scores,’ which are on a scale of zero to ten, with ten as a ‘zero-emission’ vehicle.  These 

standards are given for NOx, CO, PM, non-methane organic gas (NMOG), and 

formaldehyde (HCHO).  For this research, the standards for NOx, CO, and PM are used, 

with the assumption that the PM standards apply to PM2.5.  Baseline emission rates were 

not obtained with MOVES for NMOG or HCHO.  Additionally, there are two different 

standards for an air pollution score of one, dependent on vehicle weight.  Table 5.4 

shows the standards used in this research. 
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Table 5.4:  Federal Tier 2 Emission Standards Based on EPA Air Pollution Score 
(Maximum Allowed Grams per Mile) 

Air Pollution 
Score 

Pollutant Applicable Vehicle 
Type NOx CO PM 

10 0 0 0 All Light-Duty 

9 0.02 2.1 0.01 All Light-Duty 

8 0.03 2.1 0.01 All Light-Duty 

7 0.04 2.1 0.01 All Light-Duty 

6 0.07 4.2 0.01 All Light-Duty 

5 0.1 4.2 0.01 All Light-Duty 

4 0.15 4.2 0.02 All Light-Duty 

3 0.2 4.2 0.02 All Light-Duty 

2 0.3 4.2 0.06 All Light-Duty 

1 
0.6 4.2 0.08 LDV, LLDT 

0.6 6.4 0.08 HLDT, MDPV 

0 0.9 7.3 0.12 MDPV 

 
 
 
The vehicle types included in the above table are light-duty vehicles (LDV) or passenger 

cars, light light-duty trucks (LLDT) that are trucks up to 6000 pounds GVWR, heavy 

light-duty trucks (HLDT) that are trucks between 6001 and 8500 pounds GVWR, and 

medium-duty passenger vehicles (MDPV) that are trucks between 8501 and 10,000 

pounds GVWR.  The Tier 2 standards used are also only applicable for vehicle model 

years 2004 and newer.   

 For this performance measure, these standards are used to decrease the vehicle’s 

emissions, if applicable, to account for vehicles that perform better than the base vehicle.  

In other words, in the cases where the Federal Tier 2 Standard maximum allowed 

emission rate (in g/mile) was less than the MOVES base emission rate, a scaling factor 

would be used to decrease that vehicle’s base emission rates to the maximum allowed 

rate.  Thus, the scaling factor would be calculated as (Equation 5.1): 

ଷ	ெ௘௔௦௨௥௘ݎ݋ݐܿܽܨ	݈݃݊݅ܽܿܵ ൌ
݅݉/݃	݀݁ݓ݋݈݈ܣ	݉ݑ݉݅ݔܽܯ	݀ݎܽ݀݊ܽݐܵ	2	ݎ݁݅ܶ	݈ܽݎ݁݀݁ܨ

݅݉/݃	݁ݐܴܽ	݊݋݅ݏݏ݅݉ܧ	݁ݏܽܤ
 

If the Federal Tier 2 Standard maximum allowed rate is greater than the base rate, the 

scaling factor would equal one.  For the air pollution score, only vehicles that are 2004 

5.1
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model year or newer are considered, as these are the vehicles to which the Federal Tier 2 

standards apply.  Therefore, without further emission information, baseline emission 

rates for older vehicles remain unchanged by this measure.  The scaling factors for 

passenger cars and trucks resulting from this process are shown in Table 5.5. 

Table 5.5:  Scaling Factors Based on Air Pollution Score 
Vehicle 
Class 

Vehicle 
Model Year 

Air Pollution 
Score 

Pollutant 
NOx CO PM

P
as

se
ng

er
 C

ar
 

2010+ 
10 0 0 0
9 0.5856 - -
8 0.8784 - -

2007-2009 

10 0 0 0
9 0.3771 - -
8 0.5657 - -
7 0.7543 - -

2004-2006 

10 0 0 0
9 0.1431 0.7752 -
8 0.2147 0.7752 -
7 0.2862 0.7752 -
6 0.5009 - -
5 0.7156 - -

Pa
ss

en
ge

r 
T

ru
ck

 

2010+ 

10 0 0 0
9 0.1104 - -
8 0.1655 - -
7 0.2207 - -
6 0.3863 - -
5 0.5518 - -
4 0.8277 - -

2007-2009 

10 0 0 0
9 0.0988 - -
8 0.1482 - -
7 0.1976 - -
6 0.3457 - -
5 0.4939 - -
4 0.7409 - -
3 0.9878 - -

2004-2006 

10 0 0 0
9 0.0516 0.5522 -
8 0.0774 0.5522 -
7 0.1032 0.5522 -
6 0.1805 - -
5 0.2579 - -
4 0.3868 - -
3 0.5158 - -
2 0.7737 - -

*Note:  Dashes are used when the maximum allowed EPA standard was greater than the baseline
emissions rate; in this case the scaling factor would be 1.0. 
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Scaling factors for this measure are most applicable for NOx, as the obtained MOVES 

base rates exceed the standards for NOx for most of the available vehicle models since 

2004.  MOVES base rates are already below standards for most air pollution scores for 

these vehicles.  This is expected, as the standards are given as the maximum allowable, 

so the emissions for the vehicle should not exceed that amount.  The maximum 

allowable NOx emissions has the most variability for the different Air Pollution scores.  

Additionally, it should be noted that an air pollution score of ten represents a ‘zero-

emission’ vehicle, resulting in a scaling factor of zero. 

5.3.2:  Measure 4 – Vehicle Fuel Economy 

For Measure 4, either the average fuel economy or the EPA greenhouse gas score could 

be used.  However, the greenhouse gas score is only available for vehicles from 2000 

and newer.  The approximate emissions of CO2 per gallon of fuel burned for several 

different fuel types are shown below in Table 5.6 (71). 

Table 5.6:  Carbon Dioxide Emissions from Fuel Combustion 
Fuel Type Grams CO2 per Gallon 
Gasoline 8,910
Diesel 10,150

Ethanol Blend (E85) 1,340 

To determine the emissions per mile for a vehicle based on average fuel economy, the 

grams per gallon of CO2 would be divided by the fuel economy, as shown in 

Equation 5.2. 

ଶܱܥ 	ቀ
݃

݈݉݅݁
ቁ ൌ 	

݈݁ݑ݂	݂݋	݊݋݈݈ܽ݃	ݎ݁݌	ଶܱܥ
ሻ݊݋݈݈ܽ݃/ݏሺ݈݉݅݁	ݕ݉݋݊݋ܿܧ	݈݁ݑܨ

The resulting CO2 rate per mile is used to adjust the vehicle’s base emission rate, as with 

the air pollution score.   

The scaling factors for fuel efficiency performance are calculated in a similar 

manner as for vehicle emissions rating, comparing grams of CO2 per mile based on an 

5.2
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individual vehicle’s fuel economy to base rate CO2 emissions; thus, the scaling factor 

would be calculated as (Equation 5.3): 

ସ	ெ௘௔௦௨௥௘ݎ݋ݐܿܽܨ	݈݃݊݅ܽܿܵ ൌ
ݕ݉݋݊݋ܿ݁	݈݁ݑ݂	݉݋ݎ݂	ଶܱܥ	݂݋	݅݉/݃
݅݉/݃	݊݅	ଶܱܥ	݂݋	݁ݐܴܽ	݊݋݅ݏݏ݅݉ܧ	݁ݏܽܤ

The scaling factor is used to increase or decrease a vehicle’s base emission rate of CO2 

to reflect the characteristics of an individual vehicle.  As an example, the scaling factor 

for a 2008 gasoline vehicle with an average fuel economy of 25 miles per gallon is 

shown in Equation 5.4. 

ସ	ெ௘௔௦௨௥௘ݎ݋ݐܿܽܨ	݈݃݊݅ܽܿܵ ൌ

ሺ	ଶܱܥ
݃

ሻ݊݋݈݈ܽ݃

ሺ	ݕ݉݋݊݋ܿ݁	݈݁ݑ݂
݉݅

ሻ݊݋݈݈ܽ݃
൙

݅݉/݃	݊݅	ଶܱܥ	݂݋	݁ݐܴܽ	݊݋݅ݏݏ݅݉ܧ	݁ݏܽܤ

ൌ

݊݋݈݈ܽ݃/݃	8,910
ൗ݊݋݈݈ܽ݃/݅݉	30

470.543	݃/݉݅
ൌ

356.4	݃/݉݅
470.543	݃/݉݅

ൌ 0.7574 

It should be noted that the actual fuel economy achieved may vary among different 

drivers, even with the same vehicle.  However, the subsequent performance measures 

attempt to account for differences in driving behavior which may affect the fuel 

economy of a vehicle. 

5.3.3:  Measure 7 – Time Traveled at Speed Greater Than Optimal Air Quality Speed 

The purpose of Measure 7 is to discourage high speed driving, which increases emission 

rates.  Performance on this measure can be used to scale up the vehicle’s base emission 

rates.  The emission rates based on percent highway speed presented in the previous 

section (Section 4.7) were normalized to the lowest value to see how much emissions 

would be increased based on performance.  Figure 5.1 shows the resulting normalized 

results along with trend lines fit to the data. 

5.3

5.4
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Figure 5.1:  Normalized emission rates based on highway speeds over 60 mph. 
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Many of the trend lines used were second-order polynomials, which tended to fit the data 

fairly well.  Where the squared term was negligible and the R2 value was not improved 

by using a second-order polynomial, a linear equation was used for simplicity.  In 

addition, it was assumed that a performance of driving zero percent above 60 mph on the 

freeway would not increase the baseline emission rates for the individual—thus, the 

y-intercepts were all set to equal one.  Table 5.7 shows the equations used for each trend 

line, along with the R2 values. 

 

 
Table 5.7:  Trend Line Equations Used for Normalized Emission Rates Based on Highway Speeds 

over 60 mph 
Pollutant Vehicle Class Equation* R-Squared Value 

CO2 

Passenger Car y = -0.2343x2 + 0.2953x + 1 R² = 0.3131 

Passenger Truck y = -0.1904x2 + 0.3026x + 1 R² = 0.4908 

Motorcycle y = 0.2857x + 1 R² = 0.8981 

VOC 

Passenger Car y = -2.321x2 + 3.5064x + 1 R² = 0.4839 

Passenger Truck y = -1.4614x2 + 2.4306x + 1 R² = 0.5972 

Motorcycle y = 0.0842x2 – 0.1084x + 1 R² = 0.4142 

NOx 

Passenger Car y = -1.211x2 + 1.9954x + 1 R² = 0.5643 

Passenger Truck y = 0.2417x + 1 R² = 0.5315 

Motorcycle y = -0.19x + 1 R² = 0.6306 

CO 

Passenger Car y = -2.986x2 + 4.2662x + 1 R² = 0.6054 

Passenger Truck y = -1.348x2 + 1.8112x + 1 R² = 0.5165 

Motorcycle y = -0.0848x + 1 R² = 0.093 

PM2.5 

Passenger Car y = -0.8133x2 + 0.9295x + 1 R² = 0.3052 

Passenger Truck y = -0.5425x2 + 0.7576x + 1 R² = 0.3747 

Motorcycle y = 0.9526x + 1 R² = 0.7730 

*Where y is the normalized emission rate and x is the percent of highway time over 60 mph 

 
 
 
The above trend lines were assumed to be an accurate representation for the three light-

duty vehicle categories.  The resulting normalized emission rate (‘y’) would be used as a 

scaling factor to increase the base emission rates of an individual vehicle based on the 

individual’s performance on Measure 7, Time Traveled at Greater Than Optimal Air 
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Quality Speed (‘x’).  It should be noted that emissions of VOC, NOx, and CO decrease 

for motorcycles with a higher percent of highway time over 60 mph. 

Table 5.8 shows possible scaling factors for a passenger car based on differing 

levels of performance.  The following equation shows how the scaling factor for CO2 

would be calculated using the above equations and assuming 40 percent of highway 

driving over 60 mph, as an example (Equation 5.5): 

7஼ைమ	݁ݎݑݏܽ݁ܯ	ݎ݋݂	ݎ݋ݐܿܽܨ	݈݃݊݅ܽܿܵ ൌ ሺെ0.2343 ൈ 0.40ଶሻ ൅ ሺ0.2953 ൈ 0.40ሻ ൅ 1 ൌ 1.081

Table 5.8:  Example Scaling Factors Based on Percent of Highway Speed Over 60 mph 

Percent Highway 
Speed Greater 
Than 60 mph 

Scaling Factor for Each Pollutant Based on 
Performance for Passenger Car 

CO2 VOC NOx CO PM2.5 

0% 1 1 1 1 1

20% 1.050 1.608 1.351 1.734 1.153 

40% 1.081 2.031 1.604 2.229 1.242 

60% 1.093 2.268 1.761 2.485 1.265 

80% 1.086 2.320 1.821 2.502 1.223 

100% 1.061 2.185 1.784 2.280 1.116 

Finally, since this performance measure only affects emission rates for highway travel, 

these scaling factors will only be applied to the portion of emission rates that occur on 

highway facilities.  A simple equation used to calculate this is (Equation 5.6): 

݁ݐܴܽ	݊݋݅ݏݏ݅݉ܧ	ݓ݁ܰ

ൌ ݁ݐܴܽ	݁ݏܽܤ

ൈ ൫%ܰݕܽݓ݄݄݃݅݊݋ ൅ ሺ%ݕܽݓ݄݃݅ܪሻ ൈ ሺ݈ܵܿܽ݅݊݃	ݎ݋ݐܿܽܨெ௘௔௦௨௥௘	଻ሻ൯ 

For example, if half of the travel occurred on highway facilities and the scaling factor 

were 2, then the new emission rates would be 1.5 times greater than the base rate.  For 

the purposes of this research, non-highway speeds were not accounted for within the 

performance measurement system.  Non-highway speed is more likely to be affected by 

factors outside of the driver’s control, such as frequency of traffic signals. 

5.6

5.5
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5.3.4:  Measure 8 – Time Spent with ‘Hard’ Accelerating/Braking 

The purpose of Measure 8 is to discourage hard acceleration and hard 

deceleration/braking, which increases emission rates.  The 85th percentile acceleration 

and deceleration values shown in Table 4.4 were used in this research to represent hard 

acceleration/deceleration.  Performance on this measure can be used to scale up the 

vehicle’s base emission rates.  The results presented in the previous section (Section 4.8) 

were normalized to the lowest value to see how much emissions would be increased 

based on performance.  Figure 5.2 shows the resulting normalized emission rates along 

with trend lines fit to the data. 
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Figure 5.2:  Normalized emission rates based on hard acceleration/deceleration. 

Again, the trend lines were all set with a y-intercept of one.  Many of the trend lines are 

second-order polynomials, but as with the high speed data, linear trend lines were used 

when the x-squared factor was negligible and the R2 value was not improved by using a 
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second-order polynomial.  Table 5.9 shows the equations used for each trend line, along 

with the R2 values. 

Table 5.9:  Trend Line Equations Used for Normalized Emission Rates Based on Hard 
Acceleration/Deceleration 

Pollutant Vehicle Class Equation* R-Squared Value

CO2 

Passenger Car y = 1.6881x + 1 R² = 0.6906 

Passenger Truck y = 1.4689x + 1 R² = 0.6902 

Motorcycle y = 0.8828x2 - 0.2765x + 1 R² = 0.6160 

VOC 

Passenger Car y = 3.7902x2 - 1.572x + 1 R² = 0.7637 

Passenger Truck y = 2.0143x2 + 1.7534x + 1 R² = 0.8575 

Motorcycle y = 2.0651x + 1 R² = 0.5348 

NOx 

Passenger Car y = 0.7479x + 1 R² = 0.3107 

Passenger Truck y = -1.7344x2 + 1.943x + 1 R² = 0.2223 

Motorcycle y = -0.4855x + 1 R² = 0.4290 

CO 

Passenger Car y = 4.0566x2 - 1.5161x + 1 R² = 0.7312 

Passenger Truck y = 2.8106x2 - 1.0374x + 1 R² = 0.7481 

Motorcycle y = 0.2831x + 1 R² = 0.2350 

PM2.5 

Passenger Car y = 2.4678x2 + 0.6009x + 1 R² = 0.8155 

Passenger Truck y = 4.2845x2 - 0.7051x + 1 R² = 0.8038 

Motorcycle y = 4.2559x2 - 1.2711x + 1 R² = 0.7194 

*Where y is the normalized emission rate and x is the percent of hard acceleration/deceleration

The scaling factors used for this performance measure are determined by the above trend 

line equations.  As with the previous performance measure, zero percent hard 

acceleration/deceleration would result in a scaling factor of one, and thus would not 

increase the baseline emission rates for the individual.   

Table 5.10 shows possible scaling factors for a passenger car as they relate to 

different levels of performance.  The following equation shows how the scaling factor 

for VOC would be calculated using the above equations and assuming 60 percent hard 

acceleration/deceleration, as an example (Equation 5.7.):  

8௏ை஼	݁ݎݑݏܽ݁ܯ	ݎ݋݂	ݎ݋ݐܿܽܨ	݈݃݊݅ܽܿܵ ൌ 	 ሺ3.7902 ൈ ሺ0.60ሻଶሻ െ ሺ1.572 ൈ 0.60ሻ ൅ 1 ൌ 1.421	 5.7
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Table 5.10:  Example Scaling Factors for Hard Acceleration/Deceleration 

Percent Hard 
Acceleration/ 
Deceleration 

Pollutant 

CO2 VOC NOx CO PM2.5 

0% 1 1 1 1 1

20% 1.338 0.837 1.150 0.859 1.219 

40% 1.675 0.978 1.299 1.043 1.635 

60% 2.013 1.421 1.449 1.551 2.249 

80% 2.350 2.168 1.598 2.383 3.060 

100% 2.688 3.218 1.748 3.541 4.069 

5.4:  Determining Performance Scores for Each Pollutant 

The above four performance measures translate into scaling factors, which are applied to 

the base emission rates for the vehicle.  The basic setup for this system is shown in 

Figure 5.3.   

Figure 5.3:  Basic method of determining pollutant rates. 

Base emission rates are determined by vehicle class and model year.  The final emission 

rate for each pollutant can be determined as (Equation 5.8): 

	݁ݐܴܽ	ݓ݁ܰ ቀ
݃
݉݅
ቁ ൌ 	݁ݐܴܽ	݁ݏܽܤ	 ቀ

݃
݉݅
ቁ ൈ ܨܴܧ ൈ ܨܧܨ ൈ ܨܣܣ ൈ ሺሺ1 െ ሻܲܪ ൅ ܲܪ ൈ  ሻܨܵܪ

Where, ERF is the scaling factor based on emissions rating (Table 5.5), FEF is the 

scaling factor based on fuel efficiency (Equation 5.3), AAF is the scaling factor based on 

hard acceleration/ deceleration (from Table 5.10 equations), HP is the percentage of 

Baseline rate 
(g/mi) based 

on vehicle type 
and vehicle 

age

Scaling factors 
(derived from 
performance 

measures; i.e., 
emissions 

rating, driving 
behavior)

Final emission 
rate (g/mi) for 
each pollutant

5.8
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highway driving (speed over 50 mph), and HSF is the scaling factor from percent of 

highway speeds over 60 mph (from Table 5.8 equations).  If the emissions rating factor 

or fuel efficiency factor do not apply to a particular pollutant, they are omitted from the 

equation. 

Scaling factors based on EPA Air Pollution Score are only applicable to NOx, 

CO, and PM2.5 emissions, while the scaling factor related to GHG Score is only 

applicable to CO2 emissions.  In addition, while hard acceleration and deceleration can 

occur at any time while driving, highway speeds over 60 mph would only occur during 

highway travel.  Thus, performance on this measure should theoretically only affect the 

emission rates when traveling on a highway.   

The final emission rates will be used to determine a final performance score for 

each pollutant.  Scoring the performance requires comparing the individual’s emission 

rate of each pollutant to the emission rates of all others within the same vehicle class.  It 

was decided that scoring of passenger cars and passenger trucks would occur along the 

same scale in this research for simplification, as these vehicles have similar functions 

and drive cycles.   

5.4.1:  Distributions 

The simplest method of determining the performance score would be to determine where 

an emission value lies between the maximum and minimum possible emissions values.  

However, the distributions of possible emissions values for each pollutant are not 

necessarily linear, which would be the simplest distribution to assume.  The probable 

distribution of emission rates for each pollutant type needed to be determined.  For this 

research, many possible pollutant emission rates were generated for a passenger car, 

combining each of the vehicle age categories, emissions ratings, fuel economies, and the 

scaling factors developed above for highway speeds and hard acceleration.  For the 

highway scaling factors, highway speed percentages over 60 mph of 0%, 20%, 40%, 

60%, 80%, and 100% were utilized.  The same percentages were used to calculate the 

scaling factors based on hard acceleration.  These possible rates were ordered from 
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smallest to largest, and graphed along an x-axis representing performance scores from 

zero to 100, with 100 being the highest (worst) emission rates possible.  Figure 5.4 

shows the resulting distributions, with trend lines to illustrate the distribution shapes.   

 

 

 
Figure 5.4:  Distribution of possible emission rates and performance score values. 

 
 
 
For the above examples, the highest emission rate would result from the highest possible 

base rate multiplied by scoring factors for 100 percent of highway speeds over 60 mph 
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and 100 percent hard acceleration/deceleration.  Of course, this worst-case is not likely 

in the real world.  However, for the purposes of this research, the above distributions are 

assumed to be correct.  It should also be noted that an equal probability was applied to 

all assumed combinations of scaling factors.  Real-world data that would result from 

actual use of this system could be later substituted to better represent the actual 

distributions for each pollutant emission rate.  Additionally, for this research we assume 

that the above distributions can be applied to passenger trucks as well.  The chosen 

distribution type for each pollutant is summarized below in Table 5.11, along with the 

equations and R2 values of the trend lines used to determine the distribution shape. 

 

 
Table 5.11:  Pollutant Distribution Shapes 

Pollutant Distribution Equation R-Squared Value 

CO2 Linear y = 9.6638x + 463.84 R² = 0.9897 

VOC Exponential y = 0.0039e0.0828x R² = 0.9761 

NOx 2nd Order Polynomial y = 0.0009x2 + 0.0074x R² = 0.9939 

CO Exponential y = 0.87740.0558x R² = 0.9393 

PM2.5 Exponential y = 0.0022e0.0397x R² = 0.9846 

Where y is the final emission rate for the pollutant and x is the performance score. 

 
 
 
These distributions are used to determine performance scores for each pollutant by 

determining what score from a scale of zero to 100 corresponds to the vehicle’s emission 

rate.  In other words, the above distribution types can be solved to determine the value 

on the ‘x-axis.’  Although emission rates for NOx, CO, and PM2.5 can equal zero with a 

zero-emission vehicle, that minimum value is not used in calculation, as an exponential 

cannot equal zero.  An emission rate of zero g/mi would automatically be assumed to 

score a performance of zero, with that as the best possible score. 

 In order to determine final performance score, the variables used in the above 

distributions must be determined.  For a linear distribution, as used for CO2, an 

individual’s performance score would be determined as (Equation 5.9): 
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ଶܱܥ	ݎ݋݂	݁ݎ݋ܿܵ	݁ܿ݊ܽ݉ݎ݋݂ݎ݁ܲ

ൌ 	
100 ∗ ሺ݈ܽݑ݀݅ݒ݅݀݊ܫᇱݏ	݈ܽ݊݅ܨ	ݏ݊݋݅ݏݏ݅݉ܧ	݁ݐܴܽ஼ைమ െ ஼ைమሻ݁ݐܴܽ	݈ܾ݁݅ݏݏ݋ܲ	݉ݑ݉݅݊݅ܯ

஼ைమ݁ݐܴܽ	ݏ݊݋݅ݏݏ݅݉ܧ	݉ݑ݉݅ݔܽܯ െ ஼ைమ݁ݐܴܽ	ݏ݊݋݅ݏݏ݅݉ܧ	݋ݎ݁ݖ݊݋ܰ	݉ݑ݉݅݊݅ܯ
 

For a 2nd order polynomial equation, as used for NOx, an individual’s performance score 

would be calculated as (Equation 5.10): 

ݔܱܰ	ݎ݋݂	݁ݎ݋ܿܵ	݁ܿ݊ܽ݉ݎ݋݂ݎ݁ܲ ൌ 

100 ∗ ඨ
ேை௫݁ݐܴܽ	ݏ݊݋݅ݏݏ݅݉ܧ	݈ܽ݊݅ܨ	ݏᇱ݈ܽݑ݀݅ݒ݅݀݊ܫ െ ேை௫݁ݐܴܽ	݈ܾ݁݅ݏݏ݋ܲ	݉ݑ݉݅݊݅ܯ

ேை௫݁ݐܴܽ	ݏ݊݋݅ݏݏ݅݉ܧ	݉ݑ݉݅ݔܽܯ െ 	ேை௫݁ݐܴܽ	݈ܾ݁݅ݏݏ݋ܲ	݉ݑ݉݅݊݅ܯ
	 

For an exponential equation, as used for VOC, CO, and PM2.5, an individual’s 

performance score would be calculated as an exponential equation, based on the 

observed distribution shaped for these pollutants (Equation 5.11): 

݅	ݐ݊ܽݐݑ݈݈݋ܲ	ݎ݋݂	݁ݎ݋ܿܵ	݁ܿ݊ܽ݉ݎ݋݂ݎ݁ܲ

ൌ 	
100 ∗ ln	ሺ݈ܽݑ݀݅ݒ݅݀݊ܫᇱݏ	݈ܽ݊݅ܨ	ݏ݊݋݅ݏݏ݅݉ܧ	݁ݐܴܽ௜ ⁄௜ሻ݁ݐܴܽ	݋ݎ݁ݖ݊݋ܰ	݉ݑ݉݅݊݅ܯ

ln	ሺ݉ݑ݉݅ݔܽܯ	ݏ݊݋݅ݏݏ݅݉ܧ	݁ݐܴܽ௜ ⁄௜݁ݐܴܽ	ݏ݊݋݅ݏݏ݅݉ܧ	݋ݎ݁ݖ݊݋ܰ	݉ݑ݉݅݊݅ܯ ሻ
 

With the above equations, a performance score can be calculated for each pollutant.  If 

desired, passenger cars and passenger trucks could be grouped together for scoring, and 

both vehicle classes would be considered when determining the minimum and maximum 

possible emission rates. 

 

5.4.2:  Example Calculation 

To illustrate all of the above concepts, the performance score for NOx is calculated 

based on the following inputs shown in Table 5.12. 

 

 
Table 5.12:  NOx Performance Score Example Data Inputs 

Input Assumption 
Vehicle Type Passenger Car 
Vehicle Age 2005 

Base NOx Emission Rate (g/mile) 0.140 
Vehicle Emissions Rating 8 

Scaling Factor Based on Emissions Rating (ERF) 0.214685 
Percent Highway Travel (HP) 20% 

Percent Highway Travel >60 mph 60% 
Percent ‘Hard’ Acceleration/ Deceleration 40% 

5.9

5.10

5.11



78 

The scaling factor for based on percent of highway travel over 60 mph (HSF) is 

calculated using (Equation 5.12): 

7ேை௫	݁ݎݑݏܽ݁ܯ	ݎ݋݂	ݎ݋ݐܿܽܨ	݈݃݊݅ܽܿܵ ൌ ሺെ1.211 ൈ 0.60ଶሻ ൅ ሺ1.9954 ൈ 0.60ሻ ൅ 1 ൌ 1.761 

The scaling factor based on percent hard acceleration/deceleration (AAF) is calculated as 

(Equation 5.13): 

8ேை௫	݁ݎݑݏܽ݁ܯ	ݎ݋݂	ݎ݋ݐܿܽܨ	݈݃݊݅ܽܿܵ ൌ ሺ0.7479 ൈ 0.40ሻ ൅ 1 ൌ 1.299 

The final emission rate for NOx in this example can be determined as (Equation 5.14): 

	݁ݐܴܽ	ݓ݁ܰ ቀ
݃
݉݅
ቁ ൌ 	݁ݐܴܽ	݁ݏܽܤ	 ቀ

݃
݉݅
ቁ ൈ ܨܴܧ ൈ ܨܧܨ ൈ ܨܣܣ ൈ ൫ሺ1 െ ሻܲܪ ൅ ܲܪ ൈ ൯ܨܵܪ

ൌ 0.140
݃
݉݅

	ൈ 0.214685 ൈ 1 ൈ 1.299 ൈ ሺ0.80 ൅ 0.20 ൈ 1.761ሻ ൌ 0.045
݃
݉݅

The maximum possible emission rate for NOx for a passenger was 8.346 grams per mile 

based on the available MOVES data and the worst performance scenario.  The minimum 

emission rate was zero for a vehicle with an emissions rating of 10.  Thus, the 

performance score for NOx for this example would be calculated as (Equation 5.15): 

ݔܱܰ	ݎ݋݂	݁ݎ݋ܿܵ	݁ܿ݊ܽ݉ݎ݋݂ݎ݁ܲ ൌ 100 ∗ ඨ
0.045 െ 0
8.346 െ 0

ൌ 	7.3 

5.4.3:  Determining Final Performance Score 

A final overall performance score can then be calculated based on performance for each 

pollutant.  The final score for this research is still on a scale from zero to 100.  Final 

performance could be a simple average of performance on each pollutant; however, a 

weighted average would be more applicable.  The weighted average would be calculated 

as (Equation 5.16): 

݁ݎ݋ܿܵ	݁ܿ݊ܽ݉ݎ݋݂ݎ݁ܲ	݈ܽ݊݅ܨ

ൌ 	෍ܵܿ݁ݎ݋	ݎ݋݂	ݐ݊ܽݐݑ݈݈݋ܲ	݅ ൈ ݅	ݐ݊ܽݐݑ݈݈݋ܲ	ݎ݋݂	ݐ݄ܹ݃݅݁	݀݁ݎ݅ݏ݁ܦ

ହ

௜ୀଵ

 

The weights used should add up to one, or 100 percent.  With five pollutants used in this 

framework, a basic average would be the same as using a weight of 0.2 for each 

pollutant.  However, the advantage of a weighted average is that the final performance 

score can include greater consideration of pollutants deemed crucial or problematic.  For 

5.12

5.13

5.14

5.15

5.16
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example, NOx emissions are a problem in many Texas urban areas, so it may be 

desirable to assign greater weight to NOx performance.  The weight values could be 

assigned by the agency using this framework, depending on what pollutants are of 

greater concern.   

5.5:  Concluding Remarks 

Five of the performance measures are used to determine approximate emission rates for 

an individual vehicle, which can then be used to calculate a final performance score.  

The age of the vehicle (Measure 5) is used to identify the base emission rates for the 

vehicle.  The rates may then be increased or decreased based on aggressive driving 

behaviors, including the amounts of highway speed over optimal air quality speed 

(Measure 7) and of the amount of hard acceleration/braking (Measure 8), the vehicle 

emissions rating (Measure 3) and fuel efficiency of the vehicle (Measure 4), where 

applicable.  An individual has greater immediate control over driving behaviors, while 

vehicle ownership changes are made in the long-term.   

The final emission rates for the individual vehicle are determined by scaling the 

base rates up and/or down based on performance measurement.  A score between zero 

and 100 is given for each pollutant based on the final emission rates and the expected 

distribution of users across the system.  Actual system data would be desirable to better 

determine the correct distributions for each pollutant.  A final performance score is 

determined based on the score for each pollutant and the importance given to each 

pollutant.  This final score is used in the next section to determine how to apply pricing 

to the individual. 
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6. USE OF MEASURES IN ESTABLISHING A MILEAGE-BASED USER

FEE SYSTEM 

6.1:  Pricing System 

Performance measurement, as discussed in the previous section, is used to determine a 

final performance score for an individual vehicle, which in turn will be used to 

determine what rate per mile the individual will pay.  It is desirable to consider how the 

individual’s performance compares to others in the system.  The simplest method, which 

was used in this research, is to calculate the ratio of the individual’s final performance 

score to the average performance score across the system for that vehicle class.  This 

ratio can then be multiplied by a base mileage fee.  Thus, if an individual performs better 

than average, they pay less; and if they perform worse than average, they pay more.  

Additionally, the base fee would likely vary by vehicle class.  Since heavy-duty vehicles 

typically emit more than light-duty vehicles per mile, a higher base rate should apply. 

Finally, since mileage occurring during certain times and places is of interest in 

the performance measurement framework, a higher fee may be charged per mile for 

mileage occurring in certain places or at certain times.  Thus, increase factors could be 

applied, as determined by the agency, to the rate applied to those miles.  For example, 

the agency could determine a certain percentage increase in mileage fee rates for all 

mileage driven during peak hours or for all mileage driven within the central business 

district.  Mileage driven during specified times and within specified locations could have 

both increase factors applied to them.  Therefore, for this research, this basic calculation 

for determining the fee per mile assessed to the user is used (Equation 6.1): 

ݏ݊݋݅ݐܽܿ݋ܮ	ݎ݋	ݏ݁݉݅ܶ	݂ܿ݅݅ܿ݁݌ܵ	݄݊݅ݐܹ݅	݈݁݃ܽ݁݅ܯ	ݎ݋݂	݁݁ܨ	݈ܽ݊݅ܨ ቆ
$
݉݅
ቇ

ൌ 	ݏݏ݈ܽܥ	݈݄ܸ݁ܿ݅݁	ݎ݋݂	݁݁ܨ	݁ݏܽܤ	 ቆ
$
݉݅
ቇ ൈ

݁ݎ݋ܿܵ	݁ܿ݊ܽ݉ݎ݋݂ݎ݁ܲ	݈ܽݑ݀݅ݒ݅݀݊ܫ
ݏݏ݈ܽܥ	݈݄ܸ݁ܿ݅݁	ݎ݋݂	݁ݎ݋ܿܵ	݁݃ܽݎ݁ݒܣ

ൈ  ݊݋݅ݐܽܿ݋ܮ	ݎ݋	݁݉݅ܶ	ݎ݋݂	ݏݎ݋ݐܿܽܨ	݁ݏܽ݁ݎܿ݊ܫ

6.1
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This simple method for calculating the user fee could easily be adapted or altered 

depending on the needs of the agency. 

6.2:  Feedback Loop 

Since the goal of this pricing system is to lower emissions by changing driver behavior, 

it would be extremely important to assess whether or not emissions and behavior are 

actually changed by this pricing.   

For this research, an elasticity value of -0.2 is assumed for mileage for all vehicle 

types.  In other words, each 1 percent increase in price corresponds to a 0.2 percent 

decrease in mileage.  Although there are other factors, it was assumed for this research 

that changes in mileage will directly correspond to changes in total pollutants emitted by 

each vehicle since emission rates are multiplied by mileage to determine total emissions.  

For example, a 5 percent decrease in mileage would result in a 5 percent decrease in total 

emissions.  Using the above elasticity value, base mileage rates can be adjusted as 

(Equation 6.2): 

	݁ݐܴܽ	݁ݏܽܤ	ݓ݁ܰ ൬݅݊	
¢

݈݉݅݁
൰

ൌ ݁ݐܴܽ	݈ܽ݅ݐ݅݊ܫ	 ൈ ሺ1 െ ሻ%	݁ݏܽ݁ݎܿ݁ܦ	݈݁݃ܽ݁݅ܯ	݀݁ݎ݅ݏ݁ܦ
ଵ
௘௟௔௦௧௜௖௜௧௬ൗ

The actual changes in mileage in response to price changes could be tracked over time to 

help calibrate the actual elasticity in the real world.  Price can continue to be adjusted 

until set air quality goals are reached.  Figure 6.1 illustrates the basic feedback loop 

suggested for this research. 

6.2
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Figure 6.1:  Illustration of feedback loop. 
 
 
 
Of course, different drivers will respond differently to price changes, which emphasizes 

the need for ongoing adjustments.  With real-world data, elasticity values could be 

updated as these behaviors are tracked over time.  In addition, this pricing framework 

may encourage drivers to change their driving behaviors, including their highway speeds 

and aggressive driving behaviors.  Changes to vehicle types would likely occur over a 

longer period of time as it is more difficult for most drivers to purchase a new vehicle. 

 

6.3:  Concluding Remarks 

The mileage fee is intended to reduce pollutant levels by inducing a change in driver 

behavior, especially through a decrease in mileage.  For this research, a fairly simple 

calculation for the fee charged to an individual is suggested; however, different functions 

could be used.  For example, a calculated cost of damage to health and the environment 

could be used in order that drivers may pay for the external cost they impose.  

Additionally, different base rates could be set for different vehicle classes based on 

relative emission levels.   

 The use of elasticity is suggested to determine necessary fee increases required to 

decrease mileage by a certain amount.  The entire process of performance measurement 

and pricing is illustrated through example calculations in the next section using real-

world travel data.  

Compare current 
pollutant level 
to desired level 
(by individual 

pollutants)

Determine 
necessary 

decrease in 
mileage to 

achieve desired 
level

Translate into 
new price 

necessary to 
decrease 

mileage by that 
amount using 

elasticity

Was the target 
achieved?  Loop 
back and adjust 

as needed
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7. EXAMPLE APPLICATION OF SYSTEM

7.1:  Overview 

Actual travel data from two different vehicles was used in this example to illustrate how 

the performance measurement and pricing frameworks could be applied.  Due to 

confidentially, several assumptions are made, including: 

 Vehicle characteristics of age, emissions rating, and fuel efficiency;
 Facilities/times of interest to charge at a higher mileage fee;
 Importance factors applied to each pollutant type to calculate a final aggregated

performance score;
 Increase of base mileage fee on certain facilities and during specific times; and
 Desired mileage decrease over time.

In addition, the performance measures for trips on transit and driver training were not 

evaluated in this example.  As these performance measures have a more indirect effect 

on per mile emissions, they would not tie directly into the mileage fee.  The 

recommended application for these measures would be to provide some sort of waiver or 

reduction on the final cost owed by the user if driver training or transit were utilized. 

7.2:  Description of Data Set 

The data used in this example were collected by GPS units installed in private vehicles.  

The GPS data were collected for a project conducted by the Texas A&M Transportation 

Institute.  Data from a passenger car and from a passenger truck are used in this 

example.  Both vehicles were owned and driven by TTI employees; however, specific 

vehicle information was not provided due to confidentiality.  Mileage occurred in and 

around Austin, Texas.  Data collected for the passenger car occurred between March 19, 

2011, and March 31, 2011.  For the passenger truck, data was collected between 

March 1, 2011, and April 1, 2011.  A computer program called QSports was used to 

download the data.  QSports also includes mapping, so that the vehicle routes could be 

observed.  Figure 7.1 illustrates where all travel occurred for the passenger car between 
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March 19 and March 31.  Similarly, Figure 7.2 shows all observed travel made by the 

passenger truck. 

Figure 7.1:  Passenger car routes (created utilizing 72). 

Figure 7.2:  Passenger truck routes (created utilizing 72). 
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Data, including time of day and speed data, were exported to Microsoft Excel for 

analysis.  Acceleration data were calculated using the second-by-second speed data as in 

Equation 7.1: 

݊݋݅ݐܽݎ݈݁݁ܿܿܣ ൌ 	
ଶ݀݁݁݌ܵ െ ଵ݀݁݁݌ܵ
ܶ݅݉݁ଶ െ ܶ݅݉݁ଵ

In other words, second-by-second acceleration is just the difference between the 

previous speed and the current speed.  If the current speed is lower than the previous 

speed, the vehicle has decelerated.  To calculate the percent of ‘hard’ acceleration and 

deceleration, Equation 4.3 was utilized.  As an example, the acceleration/deceleration 

data for the study vehicles is summarized in Table 7.1, along with the calculated percent 

of hard acceleration/deceleration. 

Table 7.1:  Acceleration and Deceleration Data Summary 

Criteria 
Time Meeting Threshold (seconds) 
Passenger Car Passenger Truck 

Total Travel Time 75,131 60,677 

For Speed Less Than 
25 mph 

Acceleration >= 3.5 mph/sec 1,136 820 
Deceleration <= -3.5 mph/sec 1,323 1,326 

For Speed Between 
25 and 50 mph 

Acceleration >= 2 mph/sec 1,259 1,434 
Deceleration <= -2 mph/sec 1,094 1,238 

For Speed Greater than 
or Equal to 50 mph 

Acceleration >= 1 mph/sec 542 566 
Deceleration <= -1 mph/sec 570 491 

Total Hard Acceleration/Deceleration Time 5,924 5,875 

Percent Hard Acceleration/Deceleration 
5,924/75,131= 

7.88% 
5,875/60,677= 

9.68% 

It was assumed that peak hour travel was of particular interest for pricing.  The 

mileage occurring during peak hours was estimated from the data.  Distance traveled 

each second was calculated as (Equation 7.2): 

ሻݏሺ݈݉݅݁	݁ܿ݊ܽݐݏ݅ܦ ൌ ሻ݄݌ሺ݉	݀݁݁݌ܵ ൈ
ݎݑ݋݄	1

ݏ݀݊݋ܿ݁ݏ	3600
ൈ  ሻݏ݀݊݋ܿ݁ݏሺ	݁ܿ݊݁ݎ݂݂݁݅݀	݁݉݅ܶ

Distance traveled during peak hours were aggregated to obtain total mileage occurring 

during peak hours.  Morning peak hours were assumed to be between 7:00 A.M. and 

7.1

7.2
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9:00 A.M. and evening peak hours were assumed to be between 4:00 P.M. and 6:00 P.M.  

As an illustration, it was assumed that mileage traveled on Interstate Highway 35 (IH-

35) and on Mopac Expressway was of particular interest for pricing.   

 All the data were analyzed to obtain the statistics necessary for evaluating 

performance.  The results are summarized in Table 7.2 below. 

 

 
Table 7.2:  Overview Statistics of Example GPS Data 

Statistic Passenger Car Passenger Truck 

Total Travel Time 20.87 hours 16.85 hours 

Percent Highway Travel 12.88% 10.77% 

Percent Highway Travel >60 mph 63.82% 43.27% 

Percent ‘Hard’ Acceleration/ Deceleration 7.88% 9.68% 

Total Mileage 443.85 miles 343.31 miles 

Time Traveled during Peak Hours 5.67 hours 7.80 hours 

Total Mileage during Peak Hours 100.32 miles 172.07 miles 

Total Mopac and IH-35 Miles 40.7 miles 11.1 miles 

Mopac/IH-35 Miles during Peak Hours 8.9 miles 5.2 miles 

 
 
 
The performance measures involving mileage are shown in Table 7.2, with mileage 

during peak hours and on the specified facilities differentiated for Measure 2, Vehicle-

Miles Traveled in Certain Locations and At Certain Times. 

 Finally, specific information on the model and age of the vehicles observed was 

not provided due to confidentiality.  For illustration purposes, the passenger car was 

assumed to be a 2007 Ford Focus.  Using the EPA Green Vehicle Guide, this car would 

have an EPA air pollution score of 7 and an average fuel efficiency of 26 miles per 

gallon of gasoline.  The passenger truck was assumed to be a 2007 two-door Chevrolet 

Silverado, which has an EPA air pollution score of 2 and an average fuel efficiency of 

16 miles per gallon of gasoline.  This model year was selected as it is the first year with 

online EPA air pollution score data for passenger trucks. 
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7.3:  Performance Measurement Quantification and Determination of Final 

Performance Score 

The above information, whether assumed or obtained from data analysis, is used to 

determine scaling factors that are applied to base emission rates.  Vehicle class and 

vehicle age (Measure 5) affect the base emission rates.  Performance on the following 

measures is used to determine how much higher or lower an individual’s emission rates 

are from the base emission rates: 

 Measure 3 – Vehicle Emissions Rating;
 Measure 4 – Vehicle Fuel Economy;
 Measure 7 – Time Traveled at Greater Than Optimal Air Quality Speed; and
 Measure 8 – Time Spent Aggressively Accelerating/Braking.

7.3.1:  Passenger Car 

The first performance measure was total mileage traveled during the time period.  This 

was 443.85 miles for the passenger car.  Table 7.3 illustrates Measure 2, which includes 

the allocation of mileage based on time and location.   

Table 7.3:  Passenger Car Mileage Allocation 

Area 
Time of Day 

Area Total 
Peak Off-Peak 

IH-35 and Mopac 8.9 31.8 40.7 
All other areas 91.42 311.73 403.15 

Time of Day Total 100.32 343.53 443.85 

Vehicle class (passenger car) and vehicle model year (2007) were used to determine base 

emission rates for the vehicle, which are: 

 470.543 grams per mile of CO2;
 0.0063 grams per mile of VOC;
 0.0530 grams per mile of NOx;
 1.2437 grams per mile of CO; and
 0.0024 grams per mile of PM2.5.
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Performance on other measures affects the factors used to scale base emission rates up or 

down.  The individual’s performance and resulting scaling factors are illustrated below 

in Table 7.4.  Scaling factors for Measure 3 (emissions rating) and Measure 4 (fuel 

efficiency) were determined using the values in Table 5.5 and Table 5.8, respectively.  

Scaling factors for Measure 7 (highway speed over 60 mph) and Measure 8 (time spent 

aggressively accelerating/braking) were determined using the equations identified in 

Table 5.9 and Table 5.11, respectively.  For example, the scaling factor for NOx for 

Measure 7 was calculated using (Equation 7.3): 

7ேை௫	݁ݎݑݏܽ݁ܯ	ݎ݋݂	ݎ݋ݐܿܽܨ	݈݃݊݅ܽܿܵ ൌ 	 ሺെ1.211 ൈ 0.6382ଶሻ ൅ ሺ1.995 ൈ 0.6382ሻ ൅ 1

ൌ 1.7802 

Table 7.4:  Passenger Car Performance and Scaling Factors 

Performance on Measures: 
Emissions Effect:  Scaling Factors 

Symbol CO2 VOC NOx CO PM2.5 
3 - Air Pollution Score 6 ERF - - 0.7543 1 1 

4 - Fuel Efficiency 26 FEF 0.7283 - - - - 
7 - Percent Highway 
Speed above 60 mph 

63.82% HSF 1.0930 2.2924 1.7802 2.5065 1.2620 

8 - Percent Hard
Acceleration/ Deceleration 

7.88% AAF 1.1330 0.8997 1.0589 0.9089 1.0627

Approximately 12.88 percent of the travel occurred at or above 50 mph, which affects 

the extent to which the scaling factor from the highway speed measure affects the 

emission rates.  Highway travel was assumed to occur for all speeds 50 mph and greater, 

in order to illustrate the methodology described in previous sections, which could be 

used as a generalization when location data is not available.  It should be noted that 

based on location data approximately eight percent of travel at speeds over 50 mph 

occurred on non-freeway facilities, primarily on a high-speed farm-to-market road. 

Scaling factors are applied to the individual’s base emission rates to obtain final 

emission rates as previously shown in Equation 5.6: 

	݁ݐܴܽ	ݓ݁ܰ ቀ
݃
݉݅
ቁ ൌ 	݁ݐܴܽ	݁ݏܽܤ	 ቀ

݃
݉݅
ቁ ൈ ܨܴܧ ൈ ܨܧܨ ൈ ܨܣܣ ൈ ሺሺ1 െ ሻܲܪ ൅ ܲܪ ൈ  ሻܨܵܪ

7.3

5.6
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Where, ERF is the scaling factor based on emissions rating, FEF is the scaling factor 

based on fuel efficiency, AAF is the scaling factor based on aggressive acceleration or 

deceleration, HP is the percentage of highway driving (speed over 50 mph), and HSF is 

the scaling factor from percent of highway speeds over 60 mph.  If the emissions rating 

factor or fuel efficiency factor do not apply to a particular pollutant, they are omitted 

from the equation.  As an example, the new emissions rate for CO2 was calculated as 

(Equation 7.4): 

஼ைమ݁ݐܴܽ	ݓ݁ܰ ൌ ቀ470.543
݃
݉݅
ቁ ൈ 0.7283 ൈ 1.1330 ൈ ൫0.8712 ൅ ሺ0.1288 ൈ 1.0930ሻ൯

ൌ 	392.926
݃
݉݅

Based on minimum and maximum possible emission rates for similar vehicle 

types, the performance score out of 100 for each pollutant was calculated using 

Equations 5.6 and 5.7.  The maximum and minimum possible emission rates for the 

passenger car are shown in Table 7.5. 

Table 7.5:  Maximum and Minimum Emission Rates for Passenger Cars 
Values for Group of 

Passenger Cars 
Pollutant 

CO2 VOC NOx CO PM2.5 
Maximum Possible 

Emission Rates 
1510.356 16.9188 8.1779 266.3299 0.1680 

Minimum Possible
Non-Zero Emission Rates 

187.012 0.0033 0.0199 0.7527 0.0019 

The provided base emission rates and the calculated new emission rates for each 

pollutant are shown in Table 7.6, along with the performance score for each pollutant.  

The final performance score is aggregated from the performance score on each pollutant, 

based on assumed importance weights applied to each pollutant.  This allows some 

pollutants to be given more consideration if desired.   

As an illustration of how this might occur, the relative cost of each pollutant type 

was calculated for Texas in 2011.  The total emissions from on-road sources in Texas 

was obtained from the EPA 2011 National Emissions Inventory (NEI) Data available 

7.4
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online (73).  An average cost per ton for each pollutant (in 1992 dollars) was estimated 

by H.S. Matthews, et al. based on calculated external costs of various pollutants in 

different studies (74).  The average external cost per ton for each pollutant was 

converted to 2011 dollars and was multiplied by the total 2011 Texas on-road emissions 

to determine a total cost for comparison between pollutants.  The results are shown in 

Table 7.7 along with the relative percentage cost of each pollutant.  These percentages 

were utilized to weight each pollutant for calculation of the final performance score.  

The final performance score for the passenger car is also shown in Table 7.6. 

 

 
Table 7.6:  Passenger Car Performance Scores 

 
Pollutant 

CO2 VOC NOx CO PM2.5 
Base Rate in g/mi 470.543 0.0063 0.0530 1.2437 0.0024 
New Rate in g/mi 392.926 0.0066 0.0466 1.3497 0.0026 

Performance Score 
(out of 100) 

15.560 8.135 5.719 9.951 7.309 

Assumed Pollutant 
Importance Weight 

39.95% 6.45% 27.18% 22.49% 3.93% 

Final Performance Score 
(out of 100) 

10.821 

 
 
 

Table 7.7:  Estimated 2011 Cost and Relative Importance of Each Pollutant Type in Texas 

Pollutant 

2011 On-Road 
Emissions in 
Texas in tons 

(72) 

1992 Average 
External Cost 

per ton 
(73) 

Estimated 
2011 Average 
External Cost 

per ton 

Estimated 2011 
On-Road Pollutant 

Cost 

Percent of 
Total Cost 

CO2 150,442,350.24 $13/ton $20.83/ton $3,133,366,202.48  39.95% 
VOC 197,403.99 $1,600/ton $2,563.41/ton  $    506,026,889.94  6.45% 
NOx 475,229.03 $2,800/ton $4,485.96/ton  $2,131,860,007.20  27.18% 
CO 2,117,208.82 $520/ton $833.11/ton  $1,763,862,515.37  22.49% 
PM 44,778.03 $4,300/ton $6,889.16/ton  $    308,482,915.81  3.93% 

Total  $ 7,843,598,530.81  100.00% 
 
 
 
As stated previously, additional real-world data that would result from actual use of this 

system could be later substituted to better represent the actual distributions for each 

pollutant emission rate when determining performance scores for each pollutant.  Actual 
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real-world data obtained through use of the system would better represent the vehicle 

fleet and how actual drivers behave. 

7.3.2:  Passenger Truck 

The first performance measure was total mileage traveled during the time period 

(Table 7.8).  

Table 7.8:  Passenger Truck Mileage Allocation 

Area 
Time of Day 

Area Total 
Peak Off-Peak 

IH-35 and Mopac 5.2 5.9 11.1 
All other areas 166.87 165.34 332.21 

Time of Day Total 172.07 171.24 343.31 

Next, vehicle class (passenger truck) and vehicle model year (2007) were used to 

determine base emission rates for the vehicle, which are: 

 630.073 grams per mile of CO2;
 0.0263 grams per mile of VOC;
 0.2025 grams per mile of NOx;
 1.8140 grams per mile of CO; and
 0.0031 grams per mile of PM2.5.

The passenger truck had higher emission rates than the passenger car, despite being in 

the same age category which is expected due to differences between the two vehicle 

classes.  Performance on other measures affects the factors used to scale base emission 

rates up or down.  The individual’s performance and resulting scaling factors are 

illustrated below in Table 7.9.   
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Table 7.9:  Passenger Truck Performance and Scaling Factors 

Performance on Measures: 
Emissions Effect:  Scaling Factors 

Symbol CO2 VOC NOx CO PM2.5 

3 - Air Pollution Score 2 ERF - - 1 1 1 
4 - Fuel Efficiency 16 FEF 0.884 - - - - 

7 - Percent Highway 
Speed above 60 mph 

43.27% HSF 1.0953 1.7781 1.1046 1.5313 1.2262 

8 - Percent Hard 
Acceleration/ Deceleration 

9.68% AAF 1.1422 1.1886 1.1718 0.9259 0.9719 

 
 
 
As shown, the scaling factors for Measure 3 (emissions rating) and Measure 4 (fuel 

efficiency) are all one.  In other words, based on the model year, the fuel efficiency, and 

the EPA Air Pollution Score, no improvements to the base emission rates could be 

assumed.  The base emission rates are less than the maximum allowed rates based on 

Federal Tier 2 standards.   

Additionally, 10.77 percent of the travel occurred above highway speeds, which 

affects how much the scaling factors from the highway speed measure contribute to the 

calculated new emission rates. 

 The maximum and minimum possible emission rates for the passenger 

truck are shown in Table 7.10. 

 

 
Table 7.10:  Maximum and Minimum Emission Rates for Passenger Trucks 

Values for Group of 
Passenger Trucks 

Pollutant 
CO2 VOC NOx CO PM2.5 

Maximum Possible 
Emission Rates 

1941.644 29.5646 6.8763 241.7037 0.3339 

Minimum Possible 
Non-Zero Emission Rates 

186.991 0.0240 0.0200 1.2642 0.0029 

 
 
 
The provided base emission rates and the calculated new emission rates for each 

pollutant are shown in Table 7.11, along with the performance score for each pollutant 

and the calculated final performance score.   
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Table 7.11:  Passenger Truck Performance Scores 
Pollutant 

CO2 VOC NOx CO PM2.5 
Base Rate in g/mi 630.073 0.0263 0.2025 1.8140 0.0031 
New Rate in g/mi 642.717 0.0339 0.2400 1.7757 0.0031 

Performance Score 
(out of 100) 

25.972 4.845 17.911 6.467 1.312 

Assumed Pollutant 
Importance Weight 

39.95% 6.45% 27.18% 22.49% 3.93% 

Final Performance Score 
(out of 100) 

17.063 

The final calculated performance scores for both the passenger car and the passenger 

truck are now used to determine pricing. 

7.4:  Application of Mileage-Based User Fee 

It is desirable to compare individual performance to system average performance, so that 

if the individual performs better than average they will be charged less than average, and 

if the individual performs worse than average they will be charged more.  An average 

final performance score of 37.206 and 37.868 was calculated for use as the system 

average for passenger cars and passenger trucks, respectively, in this example.  The 

average light-duty vehicle age in 2011 was 10.9 years old, which was assumed to be a 

model year 2000 vehicle (75).  For that model year, an air pollution score of 1 was 

assumed, based on Table 4.2.  In 2011, the fleet average fuel economy was 

approximately 23.2 miles per gallon for light-duty vehicles (75).  Average percent 

highway driving (34.38%), average percent of highway speeds over 60 mph (55.90%), 

and average percent hard acceleration/deceleration (38.98%) was calculated from the 

speed profiles used in Section 4 (Table 4.3 and Table 4.5).  The calculations for final 

performance score for an average passenger car and for an average passenger truck are 

shown in Table 7.12 and Table 7.13, respectively. 
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Table 7.12:  Average Passenger Car Performance Calculation 

Performance on Measures: 
Emissions Effect:  Scaling Factors 

Symbol CO2 VOC NOx CO PM2.5 
3 - Air Pollution Score 1 ERF - - 1 1 1 

4 - Fuel Efficiency 23.2 FEF 0.807 - - - - 
7 - Percent Highway 
Speed above 60 mph 

55.90% HSF 1.0919 2.2348 1.7370 2.4517 1.2654 

8 - Percent Hard
Acceleration/ Deceleration 

38.98% AAF 1.6580 1.5146 1.2915 1.0254 1.6092 

Base Emission Rate in g/mi 476.155 0.093 0.678 4.902 0.004 
New Emission Rate in g/mi 656.876 0.2007 1.0975 7.5353 0.0070 

Performance Score (out of 100) 35.506 47.999 36.645 39.253 28.949 
Final Performance Score 

(out of 100) 
37.206 

Table 7.13:  Average Passenger Truck Performance Calculation 

Performance on Measures: 
Emissions Effect:  Scaling Factors 

Symbol CO2 VOC NOx CO PM2.5 
3 - Air Pollution Score 1 ERF - - 1 1 1 

4 - Fuel Efficiency 23.2 FEF 0.579 - - - - 
7 - Percent Highway 
Speed above 60 mph 

55.90% HSF 1.1097 1.9020 1.1351 1.5912 1.2540 

8 - Percent Hard
Acceleration/ Deceleration 

38.98% AAF 1.5726 1.9895 1.4938 1.0227 1.3762 

Base Emission Rate in g/mi 663.515 0.251 1.32 8.892 0.005 
New Emission Rate in g/mi 626.738 0.6542 2.0635 10.9421 0.0075 

Performance Score (out of 100) 25.062 46.449 54.594 41.082 19.894 
Final Performance Score 

(out of 100) 
37.868 

A base mileage fee of $0.02 per mile for light-duty vehicles was assumed based 

on the literature review and the approximate value of state and federal fuel taxes in 

Texas.   

Although many functions could be used to calculate how performance affects the 

mileage fee charged to the individual, this example assumes the simple equation 

presented in the previous section (Equation 6.1).  The passenger car performs better than 

the assumed system average, with a final performance score of 10.821.  Therefore, the 
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new rate assessed to this individual is 0.582 cents per mile rather than two cents, as 

shown in Equation 7.5:  

	ݎܽܥ	ݎ݁݃݊݁ݏݏܽܲ	ݎ݋݂	݁݁ܨ	݈݁݃ܽ݁݅ܯ	݈ܽ݊݅ܨ

ൌ 	ݏݏ݈ܽܥ	݈݄ܸ݁ܿ݅݁	ݎ݋݂	݁݁ܨ	݁ݏܽܤ	 ൬
ݏݐ݊݁ܿ
݈݉݅݁

൰

ൈ
݁ݎ݋ܿܵ	݁ܿ݊ܽ݉ݎ݋݂ݎ݁ܲ	݈ܽݑ݀݅ݒ݅݀݊ܫ
ݏݏ݈ܽܥ	݈݄ܸ݁ܿ݅݁	ݎ݋݂	݁ݎ݋ܿܵ	݁݃ܽݎ݁ݒܣ

ൌ
ݏݐ݊݁ܿ	2
݈݉݅݁

ൈ
10.821
37.206

ൌ  ݈݁݅݉	ݎ݁݌	ݏݐ݊݁ܿ	0.582

The passenger truck also performs better than the assumed average with a final score of 

17.063, so will be charged at 0.901 cents per mile, as shown in Equation 7.6: 

	݇ܿݑݎܶ	ݎ݁݃݊݁ݏݏܽܲ	ݎ݋݂	݁݁ܨ	݈݁݃ܽ݁݅ܯ	݈ܽ݊݅ܨ

ൌ 	ݏݏ݈ܽܥ	݈݄ܸ݁ܿ݅݁	ݎ݋݂	݁݁ܨ	݁ݏܽܤ	 ൬
ݏݐ݊݁ܿ
݈݉݅݁

൰

ൈ
݁ݎ݋ܿܵ	݁ܿ݊ܽ݉ݎ݋݂ݎ݁ܲ	݈ܽݑ݀݅ݒ݅݀݊ܫ
ݏݏ݈ܽܥ	݈݄ܸ݁ܿ݅݁	ݎ݋݂	݁ݎ݋ܿܵ	݁݃ܽݎ݁ݒܣ

ൌ
ݏݐ݊݁ܿ	2
݈݉݅݁

ൈ
17.063
37.868

ൌ  ݈݁݅݉	ݎ݁݌	ݏݐ݊݁ܿ	0.901

In addition, for this example mileage that occurs during peak hours and on 

certain facilities should be charged at a higher rate.  IH-35 and Mopac were selected as 

facilities of interest for this example.  We assume an increase factor of 2 for mileage that 

occurs during peak hours, as an example.  This increase factor was based on variable 

congestion pricing in Stockholm, which ranged from 1 euro to 2 euros depending on 

time of day (76).  An increase factor of 1.5 was selected for mileage occurring on IH-35 

and Mopac.  If mileage occurs on these facilities and during peak hours, both factors 

would apply, so the mileage fee would increase by 3 times the original amount.  The 

final rates applied to mileage for the two vehicle types are shown in Table 7.14. 

Table 7.14:  Final Mileage Fees 

Mileage Type 
Fee (cents/mile) 

Passenger Car Passenger Truck 
Mileage on IH-35 and Mopac during Peak Hours 1.745 2.704 

Peak-Hour Mileage Off Facility 1.163 1.802
Mileage on IH-35 and Mopac during Off-Peak Hours 0.873 1.352 

Non-Peak and Off Facility Mileage 0.582 0.901 

7.5

7.6
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Based on the mileage given above for each vehicle type, the total amount paid is shown 

in Table 7.15. 

Table 7.15:  Final Charge Assessed to User 
Mileage Type Passenger Car Passenger Truck 

Mileage on IH-35 and Mopac during Peak Hours $0.16 $0.14 
Peak-Hour Mileage Off Facility $1.06 $3.01 

Mileage on IH-35 and Mopac during Off-Peak Hours $0.28 $0.08 
Non-Peak and Non-Facility Mileage $1.81 $1.49 

Total $3.31 $4.72

In the above example, the passenger car pays a similar amount to the passenger truck. 

The passenger car traveled more miles overall, but the passenger truck traveled more 

miles during peak hours and had a slightly higher charge per mile, based on performance 

on vehicle and driving behavior measures.  Based on the assumed vehicle fuel 

efficiencies, the passenger car and passenger truck would have paid approximately $6.56 

and $8.25, respectively, in federal and state fuel taxes for the mileage driven.  Therefore, 

the amount paid using the mileage pricing framework and a base mileage fee of two 

cents per mile would be approximately one half of the amount paid in fuel taxes for both 

example vehicles.  It makes sense that the amount paid would be less, as the overall 

performance scores of the two example vehicles were approximately one third to one 

half of the score for the average vehicle. 

However, the purpose of this mileage fee is not to replace the income generated 

by the fuel tax, but to influence driver behavior to improve air quality.  In addition, 

vehicle characteristics and driving behavior have a more significant impact on the 

amount paid in mileage fees than they do for the amount paid in fuel taxes, which is the 

purpose of this pricing framework.   
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7.5:  Change in Travel 

For the initial price, we assume the average cost per mile of owning and operating a 

vehicle in 2011 was 59.6 cents per mile (75).  Much of that is a fixed cost, with 

approximately 19.7 cents per mile as a variable costs, or approximately 17.7 cents per 

mile without the fuel tax.  With the initial base rate per mile of two cents per mile, the 

average cost per mile would be 19.7 cents per mile.  

It is assumed that an agency has a goal to reduce emissions by two percent.  The 

most direct way to reduce overall emissions is to reduce overall mileage.  A new base 

fee needs to be determined to attempt to decrease mileage by 2 percent.  The assumed 

elasticity between price and mileage is -0.2.  The new required cost per mile of owning 

and operating a vehicle is calculated as (Equation 7.7): 

ሺ	݁ܿ݅ݎܲ	ݓ݁ܰ ଶܲሻ ൌ ଵܲ ൈ ሺܳଶ ܳଵ
ൗ ሻ

ଵ ఎൗ ൌ $0.197 ൈ ሺ1 െ .02ሻ
ଵ
ି.ଶൗ ൌ $0.218

The new cost per mile required to reduce mileage by 2 percent is 21.8 cents per mile, an 

increase of 2.1 cents per mile.  Therefore, the new mileage fee assessed to the user is 

4.1 cents per mile. 

The two individual vehicles utilized in this example are assumed to have the 

same performance on each performance measure as before, although in reality 

individuals would likely try to improve their performance over time to reduce their cost.  

The exception would be mileage driven, as the two individuals would decrease their 

mileage by 2 percent in response to the price increase.  In that case, the new mileage fees 

and total charges paid by the two individuals are shown in Table 7.16, approximately 

twice the initial fees shown in Table 7.15, and slightly more than the fuel tax that would 

have been paid for the same mileage.  The data utilized in this example was collected 

over approximately three weeks.  Thus, the example fee assessed would still be a 

relatively low cost compared to other costs of transportation, including fixed costs. 

7.7
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Table 7.16:  New Mileage Fees and Charges Assessed to User 

Mileage Type 
Passenger 

Car 
Passenger 

Truck 
Previous Mileage 

Mileage on IH-35 and Mopac during Peak Hours 8.9 miles 5.2 miles 
Peak-Hour Mileage Off Facility 91.42 miles 166.87 miles 

Mileage on IH-35 and Mopac during Off-Peak Hours 31.8 miles 5.9 miles 
Non-Peak and Off Facility Mileage 311.73 miles 165.34 miles 

New Mileage 
Mileage on IH-35 and Mopac during Peak Hours 8.72 miles 5.10 miles 

Peak-Hour Mileage Off Facility 89.59 miles 163.53 miles 
Mileage on IH-35 and Mopac during Off-Peak Hours 31.16 miles 5.78 miles 

Non-Peak and Off Facility Mileage 305.50 miles 162.03 miles 
New Mileage Fee (cents/mile) 

Mileage on IH-35 and Mopac during Peak Hours 3.577 5.542 
Peak-Hour Mileage Off Facility 2.385 3.695

Mileage on IH-35 and Mopac during Off-Peak Hours 1.789 2.771 
Non-Peak and Off Facility Mileage 1.192 1.847 

New Charges Assed to User 
Mileage on IH-35 and Mopac during Peak Hours $0.31 $0.28 

Peak-Hour Mileage Off Facility $2.14 $6.04 
Mileage on IH-35 and Mopac during Off-Peak Hours $0.56 $0.16 

Non-Peak and Off Facility Mileage $3.64 $2.99 
Total $6.65 $9.48

To illustrate the potential changes in overall emissions for the two vehicles, the 

calculated emissions rates for each vehicle are multiplied by the old mileage and the new 

mileage, as shown in Table 7.17. 

Table 7.17:  Change in Overall Emissions from Mileage Change 

Vehicle Scenario
Pollutants Emitted 

CO2 (kg) VOC (g) NOx (g) CO (g) PM2.5 (g) 

Passenger 
Car 

Previous Mileage (443.85 miles) 174.400 2.935 20.677 599.081 1.170 
New Mileage (434.97 miles) 170.912 2.876 20.264 587.100 1.147 

Percent Change -2% -2% -2% -2% -2% 

Passenger 
Truck 

Previous Mileage (343.31 miles) 220.651 11.631 82.382 609.612 1.060 
New Mileage (336.44 miles) 216.236 11.399 80.733 597.413 1.038 

Percent Change -2% -2% -2% -2% -2% 
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As shown, the total pollutants emitted also decreased by two percent with the two 

percent mileage decrease due to the direct relationship between emissions and mileage.  

However, the actual emissions would likely decrease by more than two percent as road 

users adjust their driving behaviors and eventually replace their vehicles with newer 

models. 

It should be noted that the elasticity is a theoretical value averaged over all users.  

The actual response to changes in price would be expected to vary significantly by 

individual, due to differences including demographics, income levels, and trip purposes 

(77).  An individual’s response tends to be in proportion to their perception of the impact 

of the price change on themselves, with the largest response typically coming from those 

impacted the most by a change in price.  For example, a rural user who travels great 

distances may notice the impact of a price increase more than an urban driver, and may 

be more motivated to attempt to reduce trip lengths.  A roadway user with a higher 

income level may not be as influenced by a price increase as a lower-income driver, and 

may make less effort to change driving behavior.  Someone who drives primarily 

between work and home may not be able to reduce their mileage as someone who makes 

more non-work trips.  Finally, changes in travel in response to a price increase tend to 

vary over the short-term versus the long-term, with studies showing that long-run 

elasticities are typically twice as large as short-run elasticities (77).  In other words, a 

greater change in travel would be expected in the long-term. 

With a real system in place, the actual response to changes in fees could be 

determined, and fees could then be adjusted accordingly.  Eventually, an optimal price 

could be reached.  However, consideration should be given to equity for lower-income 

travelers as the base mileage fee increases. 
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7.6:  Potential Impacts and Policy Discussion 

In the above examples, an increase in base price per mile was assumed to reduce the 

number of miles traveled.  Certainly over time such a pricing framework has the 

potential to reduce miles traveled, as the total fee is directly related to miles traveled.  

Unlike the fuel tax, which is also affected by distance traveled, a fee assessed separately 

would be more visible to the roadway user and may be more likely to affect behavior 

than an increase in fuel tax.  On a short-term basis, the roadway user may decrease the 

number of trips taken, particularly non-work trips.  On a long-term basis, roadways users 

may attempt to live closer to employment areas, carpool, or make use of alternative 

modes of transportation, which would address Objective 6 (increase transit use) of this 

framework.  Policy makers may need to increase transit capacity and areas of service.  

Road users may also begin avoiding higher-priced facilities or times-of-day if they are 

able.  Using the framework in this research, significant increase in mileage-fees could be 

applied to specific areas or times, if desired by the agency.  Employers may be 

encouraged to increase telecommuting and shifts in work hours to allow employees the 

flexibility to travel during off-peak times. 

The age and type of vehicle driven also has a significant impact on pollutant 

emissions and affects the fee assessed to the user as well.  However, most users would 

not be able to improve vehicle characteristics in the short-term due to the cost of 

purchasing a vehicle.  To help achieve air quality goals, state governments could 

consider implementation of a program similar to the federal Car Allowance Rebate 

System, which provided incentives for citizens to purchase newer and more fuel-

efficient vehicles in 2009.  On average, fuel economy was improved by 58% between 

the vehicle traded in and the new vehicle with this program (78).  Nearly 700,000 cars 

were purchased with this program, but funding was fully utilized in one month.  More 

stringent requirements could be applied to increase the effectiveness of such a program, 

including requiring very high-efficiency and low pollutant vehicles to be purchased.  

Long-term, citizens are likely to purchase newer and lower-emitting vehicles on their 

own, especially if mileage pricing provides an increased incentive.  As the vehicle fleet 
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includes newer and newer vehicles, overall fuel efficiency and pollutant emissions 

improve, with this MBUF policy speeding up this change. 

Road users would also be able to reduce the price paid per mile with changes in 

driving behavior; however, these changes may be more difficult for the average user to 

understand than reductions in mileage or improvement in vehicle characteristics.  If 

aggressive driving performance measures are included in a pricing framework, public 

education would likely be necessary to communicate how drivers can improve their 

behavior.  In addition, while 60 mph is considered an optimal speed in terms of air 

quality, many highways throughout the state of Texas have speed limits greater than 

60 mph.  If policy makers wish to include speed performance in a pricing framework, 

speed limits may need to be reduced or the performance measure could be assessed for 

travel above the speed limit instead.  Encouraging drivers to travel well below the speed 

limit could present a safety concern. 

Public outreach efforts would be a large part of any mileage based fee program in 

general.  Road users are not likely to be aware of how much they currently pay in 

existing fuel taxes, as the amount is included in the total gas price.  Many would likely 

react negatively to receiving a charge per mile driven and to potentially being charged 

higher based on performance measures.  Education efforts could be vital in 

communicating how road users can decrease the amount they pay.  As shown in the 

pricing example, users have the potential to pay less than the current fuel tax.  

Implementation of a pilot program would be especially useful.  Through a pilot program, 

an agency could demonstrate to road users how a mileage-based fee system would work, 

identify and solve potential problems before implementation, and collect extensive real-

world data for use in calibrating performance scoring. 

Consideration of equity concerns would be important, especially if the desired 

base mileage fee is higher than the current fuel tax per mile.  Mileage charges are likely 

to have a disproportionately negative impact on low-income drivers (79).  Lower-income 

roadway users may be more constrained in terms of time-of-day travel and ability to 

reduce mileage through telecommuting.  Similarly, lower-income users may have more 
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difficulty relocating to reduce trip distance.  Rural residents especially may drive much 

longer distances.  Lower-income roadway users are more likely to own older and less 

fuel efficient vehicles.  Obtaining a better-performing vehicle would be a more 

significant burden on lower income drivers.  On the other hand, it should be noted that 

lower income drivers would likely already be paying a higher fuel tax per mile, and 

switching to a mileage-based fee may not cause an undue burden.  In addition, they may 

already avoid certain facilities such as toll roads and may drive fewer miles.  Use of a 

MBUF system may be as equitable as the current fuel tax system (80).  However, 

additional study of potential impacts to lower-income road users may be required to 

avoid imposing an undue burden.  While higher rates per mile would have greater 

influence on driver behavior, fees may need to be capped at a maximum amount to not 

unduly burden the worst-performing drivers.  Consideration could also be given to 

utilizing revenues from the MBUF to improve transit options, which could benefit low-

income residents.   

Finally, the amount of desired data must be considered.  While yearly odometer 

checks are a simple way to assess a mileage-based fee, additional data would be needed 

to better address air quality concerns through mileage-based pricing.  Second-by-second 

speed data would be necessary to implement the system demonstrated in this project, and 

location data would be desirable.  However, policy makers would have to address 

privacy concerns and determine how to collect such data.  Not all vehicles are currently 

equipped with GPS devices, and the benefit of improved data would have to be weighed 

against the cost of obtaining it. 
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7.7:  Concluding Remarks 

The above examples of two different vehicles show how this performance measurement 

and pricing framework could be used in a real-world setting.  The data used to determine 

performance were actual GPS data.  Some assumptions were made, especially regarding 

system-level performance, but actual use of this framework would result in real values 

that could be used in the same manner.  Although this framework is fairly theoretical at 

this point, it could form the basis for a real-world adaptation, depending on the needs of 

the agency using it.  Many inputs can be changed if desired, such as the importance 

given to different pollutant types, the desired base mileage fee, and the increase of fees 

based on time and location. Finally, application to heavy-duty vehicles would be quite 

similar, with the proper data available to calibrate the performance measures.  The next 

section states final conclusions. 
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8. CONCLUSION

The goal of this research was to develop a MBUF that incorporated air quality goals 

through the use of performance measurements.  A framework of performance measures 

was developed that addresses multiple aspects of transportation that affect air quality.  

Overall air quality performance was then translated into an appropriate MBUF that 

would help achieve air quality goals.  Use of this performance measurement and pricing 

framework was demonstrated in a small case study.  This section gives a brief overview 

of the research process and results. 

8.1:  General Findings 

In this research, performance measures were selected that relate transportation to the 

emission of air pollutants.  Improved performance (i.e. use of new vehicles, fewer miles 

traveled, changes to driving behavior, etc.) would contribute to achievement of 

objectives, which would in turn contribute to achievement of air quality and energy 

goals.  The desired air quality and energy goals used in this research are: 

 Reduce pollutant emissions;
 Reduce greenhouse gas emissions;
 Reduce impacts on human health; and
 Reduce impacts on the environment.

Selected measures for this research include: 

1. Vehicle-miles traveled;
2. Vehicle-miles traveled in certain locations and at certain times;
3. Vehicle emissions rating;
4. Vehicle fuel economy;
5. Vehicle age;
6. Trips on transit;
7. Time traveled at speed greater than optimal air quality speed;
8. Time spent aggressively accelerating/braking; and
9. Participation in driver training.

While Measures 6 and 9 do not directly contribute to decreasing emission rates, they do 

relate to the framework goals as they would indirectly reduce overall emissions by 

decreasing miles driven.  Measures 1 and 2 contribute to the total amount of pollutants 
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emitted by the vehicle, as emission rates are given as a per-mile amount.  The remaining 

measures do directly impact the emission rate of the vehicle.  Measures 3, 4, and 5 relate 

to specific characteristics of the vehicle itself, while Measures 7 and 8 relate to driver 

behavior.  Measures 1 and 2 are also related to driver behavior, mileage, which is easier 

for a driver to change.  Measures that relate to aspects of the vehicle itself are more 

difficult for an individual to change, and would likely only change in the long-term, as 

change would require purchase of a different vehicle.  Both types of measures, however, 

are desirable and useful. 

8.1.1:  Relationship between Driving Behavior and Pollutant Emissions 

One step undertaken in this research was to better define the relationship between driver 

behavior and resulting changes in emission rates.  While emissions were generally 

expected to increase with ‘aggressive driving’ behaviors, the exact relationship was not 

known.  Actual driving behavior was analyzed for Measure 7 (time traveled at speed 

greater than optimal air quality speed) and Measure 8 (time spent aggressively 

accelerating/braking).  This analysis was used to establish the threshold acceleration 

levels used to define ‘hard’ acceleration and deceleration, which was taken as the 85th 

percentile for different speed categories.  Additionally, analysis of several speed profiles 

was studied and graphed to show the relationship between emission rates and aggressive 

driving behavior.  The aggressive driving behaviors considered for this research include 

the percent of highway driving that is above 60 mph and the percent of 

acceleration/deceleration that is considered ‘hard.’  The EPA MOVES model was used 

to produce emission rates for each speed profile for CO2, VOC, NOx, CO, and PM2.5.  

While the rate of increase was different for each pollutant type, the emission rates did 

increase with aggressive driving behavior, as expected.  The major exception was the 

emission of NOx by motorcycles, which significantly decreased with aggressive driving.  

These results were used in later analysis to estimate emission rates for light-duty 

vehicles with driving behavior as a consideration.  As drive-cycles for heavy-duty 

vehicles are typically different from those for light-duty vehicles, further analysis would 
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be necessary to obtain relationships between behavior and emissions for heavy-duty 

vehicles. 

8.1.2:  Use of Performance Measurement to Meet Air Quality Goals 

For this framework, the following measures were combined to obtain approximate 

emission rates for an individual: 

 Measure 3 – Vehicle emissions rating;
 Measure 4 – Vehicle fuel economy;
 Measure 5 – Vehicle age;
 Measure 7 – Time traveled at speed greater than optimal air quality speed; and
 Measure 8 – Time spent aggressively accelerating/braking.

Combining performance in this way allows performance on several measures to be 

compared to system-level averages and other individuals at one time.  Converting these 

measures to one emission rate simplifies this comparison as the overall performance is 

converted into one value with one unit of measure (i.e., grams per mile).  This one value 

can be compared to many other individuals, including vehicles in other vehicle classes, if 

desired.  Aggressive driving behavior performance was converted to scaling factors 

based on the amount by which that performance was expected to affect emissions.  

Similarly, scaling factors were developed to adjust base emissions of carbon dioxide 

based on average fuel efficiency.  A scaling factor was also used reward users that have 

vehicles with high (good) EPA Air Pollution Scores.  This scaling factor decreases the 

base emission rate to the standard that vehicle met for several pollutant types, as the Air 

Pollution Score reflects maximum allowable pollutant levels.  Vehicle age is used to 

obtain base emission rates for an individual, based on MOVES results using national 

averages. 

A final performance score was desired based on the above measures in order to 

combine all the considered pollutants.  While emissions of each pollutant are given in 

grams per mile, the scale of emissions varies greatly among the pollutants used.  Thus, 

combining the values for all pollutant types would not be well represented by simply 

adding or averaging the emission rates.  Converting the emission rates to a score 

between 0 and 100 allows the air quality performance of a vehicle to be combined on the 
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same scale.  Likely distributions of emissions for each pollutant type were determined, 

allowing an individual’s performance score for each pollutant type to be calculated 

based on their approximate emission rates.  These resulting scores could then be better 

combined into a final performance score for the individual that can be compared to an 

average system-level score for the vehicle class.  This final score accounts for 

performance on five performance measures as well as the resulting effect on five 

pollutant types.  Importance placed on different pollutants can also be accounted for 

using weights.  Great simplification is thus obtained through computing this final 

performance score, which is later used to calculate the mileage fee that should be 

assessed to the user. 

The performance measures related to mileage are used later, and resulting 

mileage fees are directly applied to mileage.  Finally, Measures 6 and 9 were suggested 

to apply to some sort of waiver or reduction in the final amount owed by an individual, 

rather than directly affecting the mileage-based fee.  This reflects the fact that trips on 

transit and eco-driving training, while contributing overall to air quality goals, do not 

directly affect emission rates of a vehicle.  Trips on transit do have a direct impact on 

mileage, which would result in an overall lower cost to the user and lower pollutant 

emissions. 

8.1.3:  Linking Mileage-Based User Fees to Performance Measures 

Based on literature, MBUFs have been examined for revenue generation, but have also 

been examined to address policy goals such as congestion reduction, recovering 

maintenance costs, and encouraging mode shifts.  Addressing congestion problems may 

simultaneously address air quality goals, even if that was not the intention of the pricing 

system.  For example, reductions in vehicle trips due to pricing would contribute to a 

reduction in emissions.  However, for this research, the primary intention is the 

reduction of air pollution and energy consumption.  Therefore, pricing is used with the 

intention to change driver behavior in a way that will reduce vehicle emissions. 
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One potential method discussed for linking air quality concerns to pricing was to 

determine the external cost of vehicle emissions and charge users their contribution.  

External costs include negative impacts on human health and the environment caused by 

vehicle emissions.  For the example provided in this research, a base mileage fee of two 

cents per mile was used, based on the approximate value per mile of current state and 

federal fuel taxes.  This base fee is then adjusted for each individual based on their 

performance score relative to the average performance score.  In addition, higher fees 

can be used for mileage that occurred in certain places or at certain times, such as peak-

hour mileage. 

Finally, some sort of feedback loop is desirable for this type of pricing 

framework.  As the idea behind pricing is to meet air quality goals, the effect of pricing 

on performance must be identified.  For simplification, changes in vehicle mileage were 

given primary consideration, as mileage significantly affects the total emissions 

produced by an individual.  Using transportation elasticity values is suggested to relate 

desired mileage changes to required changes in pricing.  If this framework were used, 

actual data would be especially useful as well to determine actual impacts of pricing on 

behavior changes and determine true elasticities. 

8.1.4:  Performance Framework and Results of Case Study 

The case study undertaken in the last section illustrates how the performance 

measurement and pricing framework could be used.  The framework was applied to 

actual travel information for two individuals.  Vehicle characteristics and driver behavior 

determined performance measurement results, which were used to obtain a final 

performance score.  The final score for the individual and the assumed average score 

across the system were used to determine mileage fees applied to each individual.  

Although this framework is fairly theoretical at this point, it could be used in a real-

world situation, or form the basis for a real-world adaptation.  The framework is also 

fairly flexible, and can be altered to suit the needs of any agency using it.  Many inputs 
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can be changed if desired, such as the importance given to different pollutant types, the 

desired base mileage fee, and the increase of fees based on time and location.  

With implementation of such a pricing framework, mileage driven would likely 

decrease, as the price per mile would be more visible to drivers than the current fuel tax.  

Improvement in driving behavior could also be achieved on a short-term basis, although 

public education efforts would likely be necessary to help roadway users understand 

how to improve their performance and reduce the amount paid per mile.  Public 

outreach, and especially use of a pilot program, is encouraged to help roadway users 

understand any pricing framework and to address concerns, such as privacy concerns.  A 

pilot program would also be useful for collecting real-world data for calibration purposes 

and for trouble-shooting prior to full implementation. 

Long-term impacts of pricing to improve air quality may include citizens moving 

closer to employment areas, increased use of telecommuting and flexible work hours, 

increased transit usage, and a newer vehicle fleet with improved average fuel efficiency 

and lower average pollutant emissions.  However, consideration must be given to equity 

concerns, as lower-income roadway users may have fewer options in terms of improving 

their vehicle characteristics or change driving patterns.  The implementing agency may 

consider capping fees at a maximum amount to not unduly burden the worst-performing 

drivers. 

Policy makers would need to determine how much data to collect and the method 

for collecting it.  Not all vehicles are currently equipped with GPS, but second-by-

second speed data would be necessary to implement the system demonstrated in this 

project, and location data would be desirable.  Increased data would help to address air 

quality goals, but the benefit of improved data would have to be weighed against the cost 

of obtaining it. 

8.2:  Recommendations for Future Work 

The area of mileage pricing, especially to address desired policy goals, is currently an 

important area of research.  The research presented in this thesis represents one approach 
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to using MBUFs to address air quality concerns.  Use of performance measurement is 

certainly helpful for relating goals to appropriate pricing that will improve overall 

system performance.  Through performance measurement, multiple characteristics of 

vehicles and driving behaviors can be addressed.  Similar approaches could be used to 

address many other policy goals such as equity, and could lead to future research 

opportunities.  Elasticity values could be used to predict impacts of such a system to 

different policy goals. 

 In addition, other research efforts could significantly contribute to the framework 

developed in this research.  With additional data, estimation methods could be further 

refined, and assumptions that were made could be better defined.  As only a small data 

set was used to evaluate the effect of aggressive driving behaviors on emissions, a more 

extensive data set could yield more accurate results.  Data for heavy-duty vehicles could 

also be investigated.  Finally, the case study undertaken for this research was done on a 

very small scale to demonstrate how the framework would operate.  Thus, the 

opportunity exists for an actual real-world application or field test of this framework.  

While many pilot studies into the use of MBUFs have been recently undertaken or are 

currently ongoing, a pilot study that addresses policy goals such as air quality would be 

beneficial. 

 

8.3:  Concluding Remarks 

This research provides a method for addressing air quality goals through pricing of 

travel.  Although several assumptions were made, the developed method of measuring 

performance and translating it into pricing would still be applicable with additional data 

available.  The method could be used in a real-world setting, as shown in the small case 

study.  Air quality concerns are one policy goal that has the potential to be included as 

an important part in any road-pricing system.  While such goals are not currently given 

priority in mileage-based pricing pilot studies, the framework developed in this research 

illustrates how air quality could be included in pricing attempts in the future. 
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APPENDIX A 
 

SPEED PROFILES USED TO EVALUATE HIGH SPEED EFFECTS 
 
 
 

 
Figure A-1:  Vehicle speed profile 1. 

 
 
 

 
Figure A-2:  Vehicle speed profile 2. 
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Figure A-3:  Vehicle speed profile 3. 

 
 
 

 
Figure A-4:  Vehicle speed profile 4. 

 
 
 

 
Figure A-5:  Vehicle speed profile 5. 
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Figure A-6:  Vehicle speed profile 6. 

 
 
 

 
Figure A-7:  Vehicle speed profile 7. 

 
 
 

 
Figure A-8:  Vehicle speed profile 8. 
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Figure A-9:  Vehicle speed profile 9. 

 
 
 

 
Figure A-10:  Vehicle speed profile 10. 

 
 
 

 
Figure A-11:  Vehicle speed profile 11. 
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Figure A-12:  Vehicle speed profile 12. 

 
 
 

 
Figure A-13:  Vehicle speed profile 13. 
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APPENDIX B 
 

NATIONAL EMISSION RATES FOR URBAN RESTRICTED AND UNRESTRICTED ACCESS 
 
 

Table B-1:  National Emissions Rates for Passenger Cars 
Amount of Pollutant in g/mile on Urban Restricted Access Facilities 

Model 
Year 

35 mph (ID 9) 60 mph (ID 4) 

CO2 VOC NOx CO THC PM2.5 SO2 CO2 VOC NOx CO THC PM2.5 SO2 

2010+ 381.064 0.0050 0.0393 1.3964 0.0093 0.0025 0.0074 587.834 0.0039 0.0353 0.8989 0.0073 0.0025 0.0114 

2007-2009 377.026 0.0082 0.0578 1.8756 0.0123 0.0028 0.0073 581.543 0.0064 0.0567 1.3032 0.0096 0.0027 0.0113 

2004-2006 383.137 0.0199 0.1381 3.4781 0.0242 0.0036 0.0074 590.853 0.0161 0.1576 3.0094 0.0196 0.0035 0.0114 

2000-2003 380.939 0.0814 0.5942 5.5606 0.0847 0.0076 0.0074 588.983 0.1162 0.8106 5.6528 0.1192 0.0044 0.0114 

1996-1999 372.660 0.2354 1.0807 8.9323 0.2409 0.0125 0.0072 581.242 0.3971 1.5580 9.7709 0.4062 0.0081 0.0113 

1992-1995 368.777 0.4410 1.9175 13.1234 0.4598 0.0221 0.0071 575.783 0.8004 2.6942 16.2190 0.8345 0.0133 0.0112 

1988-1991 368.879 0.6988 2.2385 18.5022 0.7324 0.0449 0.0071 583.952 1.2798 3.1068 23.6545 1.3412 0.0258 0.0113 

pre-1988 419.459 1.1880 2.2719 29.3862 1.2125 0.0696 0.0081 657.708 2.2002 3.0878 38.5444 2.2452 0.0292 0.0127 

Amount of Pollutant in g/mile on Urban Unrestricted Access Facilities 

Model 
Year 

35 mph (ID 9) 60 mph (ID 4) 

CO2 VOC NOx CO THC PM2.5 SO2 CO2 VOC NOx CO THC PM2.5 SO2 

2010+ 363.398 0.0038 0.0330 0.8560 0.0070 0.0019 0.0070 601.850 0.0054 0.0611 1.3105 0.0101 0.0032 0.0117 

2007-2009 359.543 0.0062 0.0493 1.1841 0.0093 0.0020 0.0070 595.415 0.0088 0.0939 1.8302 0.0133 0.0035 0.0115 

2004-2006 365.367 0.0152 0.1219 2.4087 0.0185 0.0026 0.0071 604.955 0.0219 0.2438 3.8251 0.0267 0.0045 0.0117 

2000-2003 363.327 0.0704 0.5457 4.1503 0.0730 0.0034 0.0070 602.818 0.1278 1.1572 6.6235 0.1317 0.0080 0.0117 

1996-1999 355.603 0.2136 1.0025 6.9043 0.2185 0.0063 0.0069 594.028 0.4162 2.1518 10.8910 0.4257 0.0130 0.0115 

1992-1995 351.903 0.4086 1.7598 10.8050 0.4259 0.0134 0.0068 588.069 0.8332 3.8005 17.7216 0.8686 0.0206 0.0114 

1988-1991 352.795 0.6597 2.0607 15.9592 0.6912 0.0265 0.0068 592.995 1.3205 4.2806 25.9515 1.3838 0.0405 0.0115 

pre-1988 401.421 1.1419 2.1563 27.4349 1.1655 0.0454 0.0078 670.637 2.2840 4.1317 42.9265 2.3309 0.0551 0.0130 
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Table B-2:  National Emissions Rates for Passenger Trucks 
Amount of Pollutant in g/mile on Urban Restricted Access Facilities 

Model 
Year 

35 mph (ID 9) 60 mph (ID 4) 

CO2 VOC NOx CO THC PM2.5 SO2 CO2 VOC NOx CO THC PM2.5 SO2 

2010+ 476.599 0.0181 0.1568 1.9439 0.0213 0.0042 0.0092 716.769 0.0325 0.2117 1.4064 0.0384 0.0026 0.0139 

2007-2009 512.000 0.0211 0.1790 2.5050 0.0245 0.0049 0.0099 769.926 0.0343 0.2335 1.8283 0.0399 0.0031 0.0149 

2004-2006 545.689 0.0527 0.3519 4.7881 0.0558 0.0070 0.0106 820.441 0.0948 0.4405 3.9840 0.1001 0.0044 0.0159 

2000-2003 538.840 0.2021 1.2206 9.9230 0.2038 0.0136 0.0104 811.058 0.3151 1.4884 9.9545 0.3178 0.0039 0.0157 

1996-1999 509.330 0.3905 1.7033 14.3081 0.3947 0.0194 0.0099 770.835 0.6644 2.3158 16.4038 0.6717 0.0075 0.0149 

1992-1995 469.784 1.0915 3.8226 30.4069 1.1105 0.0271 0.0091 718.191 2.0017 4.9778 33.0379 2.0354 0.0246 0.0139 

1988-1991 490.064 1.4315 4.3012 44.4563 1.4965 0.0488 0.0095 747.757 2.6710 5.3078 44.9080 2.7905 0.0380 0.0145 

pre-1988 620.383 2.0742 4.4929 53.5031 2.1662 0.0597 0.0120 822.084 4.3118 4.9599 72.2299 4.5023 0.0739 0.0159 

Amount of Pollutant in g/mile on Urban Unrestricted Access Facilities 

Model 
Year 

35 mph (ID 9) 60 mph (ID 4) 

CO2 VOC NOx CO THC PM2.5 SO2 CO2 VOC NOx CO THC PM2.5 SO2 

2010+ 456.325 0.0160 0.1508 1.3897 0.0188 0.0026 0.0088 733.025 0.0327 0.2795 1.8204 0.0386 0.0042 0.0142 

2007-2009 490.221 0.0183 0.1715 1.7996 0.0212 0.0031 0.0095 787.397 0.0356 0.3131 2.3820 0.0413 0.0050 0.0152 

2004-2006 522.459 0.0466 0.3350 3.6222 0.0493 0.0044 0.0101 839.054 0.0938 0.6027 4.9066 0.0992 0.0071 0.0163 

2000-2003 515.973 0.1870 1.1525 7.8293 0.1886 0.0052 0.0100 829.936 0.3237 2.1007 11.3113 0.3264 0.0111 0.0161 

1996-1999 487.777 0.3702 1.6040 11.2857 0.3742 0.0090 0.0094 789.495 0.6695 3.1783 17.5463 0.6768 0.0168 0.0153 

1992-1995 449.336 1.0334 3.5769 23.9319 1.0511 0.0172 0.0087 734.780 1.9751 6.7260 35.9406 2.0084 0.0278 0.0142 

1988-1991 469.413 1.3553 3.9731 33.4050 1.4165 0.0310 0.0091 764.505 2.6695 7.0950 51.9221 2.7888 0.0476 0.0148 

pre-1988 592.124 1.9855 4.2033 46.9027 2.0736 0.0455 0.0115 854.088 4.2840 6.4015 78.9755 4.4735 0.0871 0.0165 
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Table B-3:  National Emissions Rates for Motorcycles 
Amount of Pollutant in g/mile on Urban Restricted Access Facilities 

Model 
Year 

35 mph (ID 9) 60 mph (ID 4) 

CO2 VOC NOx CO THC PM2.5 SO2 CO2 VOC NOx CO THC PM2.5 SO2 

2010+ 360.709 0.6207 0.5328 9.2804 0.6394 0.0333 0.0070 408.084 1.0678 0.3265 9.6323 1.1000 0.0130 0.0079 

2007-2009 360.709 0.7855 0.5454 11.0945 0.8010 0.0333 0.0070 408.084 1.3514 0.3343 11.5153 1.3781 0.0130 0.0079 

2004-2006 360.708 1.1151 0.5706 14.7215 1.1243 0.0333 0.0070 408.084 1.9184 0.3497 15.2798 1.9343 0.0130 0.0079 

2000-2003 360.709 1.3876 0.7551 20.0057 1.3875 0.0333 0.0070 408.084 2.3873 0.4628 20.7644 2.3871 0.0130 0.0079 

1996-1999 352.821 1.2935 0.7207 19.2859 1.2933 0.0333 0.0068 400.606 2.2252 0.4417 20.0172 2.2250 0.0130 0.0078 

1992-1995 335.114 1.2774 0.7272 18.7828 1.2863 0.0333 0.0065 383.835 2.1976 0.4457 19.4951 2.2130 0.0130 0.0074 

1988-1991 305.115 1.2681 0.7338 18.2750 1.2793 0.0333 0.0059 370.305 2.1817 0.4497 18.9680 2.2010 0.0130 0.0072 

pre-1988 298.704 2.0889 0.8313 23.1350 2.0818 0.0333 0.0058 369.195 3.5937 0.5095 24.0123 3.5815 0.0130 0.0072 

Amount of Pollutant in g/mile on Urban Unrestricted Access Facilities 

Model 
Year 

35 mph (ID 9) 60 mph (ID 4) 

CO2 VOC NOx CO THC PM2.5 SO2 CO2 VOC NOx CO THC PM2.5 SO2 

2010+ 344.563 0.6081 0.5088 8.9236 0.6265 0.0187 0.0067 416.841 1.0716 0.3828 10.2047 1.1039 0.0252 0.0081 

2007-2009 344.562 0.7696 0.5209 10.6679 0.7849 0.0187 0.0067 416.841 1.3562 0.3918 12.1994 1.3830 0.0252 0.0081 

2004-2006 344.563 1.0926 0.5450 14.1555 1.1016 0.0187 0.0067 416.842 1.9253 0.4100 16.1877 1.9413 0.0252 0.0081 

2000-2003 344.562 1.3596 0.7212 19.2365 1.3595 0.0187 0.0067 416.841 2.3959 0.5425 21.9981 2.3957 0.0252 0.0081 

1996-1999 337.105 1.2673 0.6883 18.5443 1.2672 0.0187 0.0065 409.160 2.2332 0.5178 21.2065 2.2330 0.0252 0.0079 

1992-1995 320.364 1.2516 0.6946 18.0607 1.2604 0.0187 0.0062 391.934 2.2055 0.5225 20.6535 2.2209 0.0252 0.0076 

1988-1991 293.438 1.2425 0.7008 17.5723 1.2535 0.0187 0.0057 376.598 2.1895 0.5272 20.0950 2.2089 0.0252 0.0073 

pre-1988 287.855 2.0467 0.7940 22.2455 2.0398 0.0187 0.0056 374.977 3.6066 0.5972 25.4390 3.5944 0.0252 0.0073 
 
 
 
 




