
ABSTRACT 

WEI, TONGCHUAN. Intermodal Comparison of Energy Use and Emissions for On-Road 

Passenger Transport. (Under the direction of Dr. H. Christopher Frey). 

 

Energy consumption for global on-road passenger transport accounts for almost 70% of 

energy consumed for all on-road transportation, and is projected to continuously increase along 

with global population growth, economic growth, and population shifts to urban areas.  Public 

transit buses and private vehicles (PVs) are common on-road passenger transport modes.  To 

reduce energy use and emissions from on-road passenger transport, one strategy is to promote 

transportation modal shift from PVs to mass transit such as transit buses.  Intermodal 

comparisons of energy use and emissions between transit buses and PVs are needed to inform 

policy decisions regarding transportation modal shift. 

Intermodal comparisons of energy use and emission rates between transit buses and PVs 

may be sensitive to key sources of variability, such as vehicle size, fuel and powertrain, 

passenger load, and alignment of travel routes.  However, these key sources of variability have 

not been simultaneously taken into account in one study.  Additionally, the intermodal 

comparison of emission rates for criteria air pollutants is less common.  Therefore, the overall 

research objective is to compare emission rates between transit buses and PVs accounting for key 

sources of variability. 

For transit buses, a Transit Bus Emissions Model (TBEM) was developed to 

systematically quantify and evaluate key factors affecting bus emission rates.  TBEM was 

developed based on generic transit bus types represented in the U.S. Environmental Protection 

Agencyôs MOtor Vehicle Emission Simulator and calibrated to empirical bus emission rates 

from the Integrated Bus Information System.  TBEM took into account bus size, fuel and 

powertrain, passenger load, driving cycle, and model year in a systematic framework, and can be 



applied to estimate bus tailpipe CO2, CO, hydrocarbons (HC), NOx, and particulate matter (PM) 

emission rates for a given bus speed trajectory.  Twenty real-world bus speed trajectories were 

measured on actual bus routes for four origin-destination pairs (ODPs).  For PVs, trajectories and 

tailpipe CO2, CO, HC, NOx, and PM emission rates were quantified based on prior real-world 

measurements of two routes per ODP using simplified portable emission measurement systems 

(PEMS).   

For the intermodal comparison, trip-based tailpipe emission rates were estimated and 

compared for each ODP for compressed natural gas, diesel, and diesel-hybrid buses based on the 

TBEM and for gasoline and gasoline-hybrid PVs based on a Vehicle Specific Power modal 

model.  Break-even passenger load (BEPL) was quantified to assess the minimum bus passenger 

load needed to achieve lower per passenger-trip emissions compared to PVs.   

Results show that, as a bounding analysis, compared to single-occupancy PVs, fully 

occupied buses are estimated to have 82% to 94% lower CO2, 99% lower to 308% higher CO, 

99% lower to 145% higher HC, 67% lower to 62% higher NOx, and 94% to 99% lower PM 

emission rates per passenger-trip depending on vehicle size, fuel and powertrain, passenger load, 

and routes.  BEPL varies depending on vehicle size, fuel and powertrain, travel route, and 

pollutant.  The relative importance of key factors affecting intermodal comparisons differs by 

pollutants.  The intermodal comparison is also affected by interactions among key factors, such 

as passenger load and route alignment, which reinforces the need for joint consideration of key 

factors. 

The dissertation will help transit planners and policy makers develop plans and promote 

strategies regarding transportation modal shift from PVs to public transit buses, such as 

procurement of appropriate bus types, improvement of route alignment, and expansion of transit 



routing and coverage.  In addition, the dissertation also contributes to evaluating the sensitivity 

of key factors affecting bus emission rates, establishing the feasibility of using simplified PEMS 

to infer PV emission rates, and assessing the validity of VSP binning approaches to estimating 

PV emission rates. 
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CHAPTER 1:  INTRODUCTION  

This chapter introduces organization of the dissertation, background on energy 

consumption and emissions for on-road passenger transport, research gaps and needs based on 

the limitations of prior studies, research objectives, and author contributions. 

1.1 Organization 

The dissertation consists of six chapters, as illustrated in Figure 1.1.  The overview of 

each chapter is briefly described: 

Chapter 1 (this chapter) is the introduction that includes research background, gaps and 

needs, objectives, author contributions, and organization of the chapters. 

Chapter 2 addresses research objective 1.  This chapter includes the development, 

calibration, evaluation, and application of the Transit Bus Emissions Model (TBEM) for 

estimating fossil-fueled bus tailpipe emission rates accounting for the effect of bus size, fuel and 

powertrain, passenger load, driving cycle, and model year. 

Chapter 3 addresses research objective 2.  This chapter quantifies engine volumetric 

efficiency (VE) for light duty gasoline vehicles (LDGVs) accounting for intra- and inter-vehicle 

variability, and evaluates the accuracy of Speed-Density Method (SDM) based vehicle tailpipe 

emission rates with respect to different VE estimation approaches. 

Chapter 4 addresses research objective 3.  This chapter quantifies the precision and 

accuracy of LDGVs cycle average tailpipe emission rates predicted by VSP modal models. 

Chapter 5 addresses research objective 4.  This chapter compares tailpipe emission rates 

between transit buses and PVs for on-road passenger transport accounting for key sources of 

variability. 
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Chapter 6 includes the key findings, key conclusions, and recommendations for future 

work.  

Appendices include supplementary materials for Chapters 2, 3, and 5. 

 

Figure 1.1. Illustration of the organization of chapters in the dissertation. 
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1.2 Background 

Public transit buses and private vehicles (PVs) are common on-road passenger transport 

modes.  Globally, there are over 10 million transit buses and over 1 billion PVs (1, 2).  PVs refer 

here to passenger cars (PCs) and passenger trucks (PTs).  PCs and PTs account for about 85% of 

global PV stock (3).  The number of PVs and vehicle miles traveled has increased over the last 

several decades and will likely continue to increase along with global population growth, 

economic growth, and population shifts to urban areas (4ï7). 

In the U.S., there were 71,100 transit buses and 235 million PVs accounting for 1% and 

60% of total energy use in transportation, respectively in 2019 (3).  U.S. transit buses are 

typically 30-foot, 40-foot, and 60-foot long (8).  In 2018, the U.S. transit bus fleet was comprised 

primarily of conventional diesel (43%), compressed natural gas (CNG) (30%), and diesel-electric 

hybrid (15%) buses (3).  Ninety-eight percent of U.S. PVs are LDGVs (9).   

On-road passenger transport consumes energy, emits greenhouse gases (e.g., carbon 

dioxide [CO2]), and emits other pollutants, such as carbon monoxide (CO), total hydrocarbons 

(THC), nitrogen oxides (NOx), and particulate matter (PM), which degrade air quality and have 

adverse health effects including premature death (2, 10ï14).  In 2017, 54 quadrillion BTU of 

energy was consumed for global on-road passenger transport, which accounted for almost 70% 

of the energy consumed for all on-road transportation (15).  On-road passenger transport global 

energy consumption from fossil fuel increased by 75% over the last three decades and is 

anticipated to continuously increase before battery-electric vehicles (BEVs) become dominant in 

the future (16). 

To reduce energy consumption and emissions from on-road passenger transportation, one 

strategy is to promote transportation modal shift from PVs to mass transit such as transit buses 
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(17, 18).  Intermodal comparisons of energy consumption and emissions between transit buses 

and PVs are needed to inform policy decisions regarding transportation modal shift (17ï20).  In 

addition to modal shift from PVs to transit buses, there are other strategies to reduce energy use 

and emissions for on-road passenger transport, such as eco-driving, vehicle fleet electrification, 

and modal shift to non-road passenger transport (e.g., trains) (21ï24). 

1.3 Gaps and Needs 

Intermodal comparisons of energy consumption and emissions for on-road passenger 

transport modes requires identification of and accounting for key sources of variability that affect 

energy use and emission rates for transit buses and PVs.  The research gaps and needs are 

identified based on the limitations of prior assessments of energy use and emission rates for 

transit buses and PVs.  

1.3.1 Limitations of prior assessments on transit buses 

Key factors affecting transit bus energy use and emission rates include bus size (25, 26), 

fuel and powertrain (25, 27), passenger load (28ï30), driving cycle (31, 32), and model year (33ï

35).  These key factors have been evaluated separately or in limited combinations in prior studies 

but have not been simultaneously evaluated together in one study. 

Xu et al. compared predicted emission rates per vehicle-mile for CNG, diesel, and diesel-

hybrid buses using a Fuel and Emissions Calculator (FEC) aggregated to U.S. counties (36).  

They found that the comparison of FEC-predicted emission rates per vehicle-mile among CNG, 

diesel, and diesel-hybrid buses varied between local and express bus cycles.  However, the effect 

of bus size, passenger load, and model year was not quantified. 

Zhang et al. found that CO2 emission rates per vehicle-mile were lower for 40-foot 

diesel-hybrid buses compared to 40-foot CNG and diesel buses based on a real-world study using 
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portable emission measurement systems (PEMS) in China (27).  However, the effect of fuel and 

powertrain on other pollutant emission rates was not quantified.  

Yu et al. compared CO2, CO, THC, and NOx emission rates per passenger-mile for 30-

foot diesel buses with varying passenger loads from 400 kg to 2,200 kg based a real-world 

PEMS study (30).  Emission rates per passenger-mile were highly sensitive to passenger load, 

varying by a ratio of 3 over the observed passenger loads.  However, the effect of driving cycles 

on variations in emission rates was not quantified.   

Bus emission rates are jointly affected by all of these factors.  Evaluating factors 

separately neglects possible interactions between factors.  Therefore, limitations of prior studies 

on transit buses include:  (1) factors affecting bus energy use and emission rates have not been 

simultaneously evaluated in a framework; and (2) bus energy use and emission rates have not 

been compared accounting for variations in these key factors. 

1.3.2 Limitations of prior assessments on private vehicles 

For LDGVs, energy use and emission rates can be estimated using models, such as the 

U.S. Environmental Protection Agencyôs MOtor Vehicle Emission Simulator (MOVES) (37).  

MOVES is used for regulatory and policy applications in most of the U.S.  The MOVES 

database for LDGVs is largely based on laboratory chassis dynamometer tests (38).  However, 

laboratory chassis dynamometer tests cannot fully represent real-world driving cycles and real-

world emission performance (39ï42).  Thus, a database is needed for energy use and emission 

rates based on real-world vehicle emission measurements. 

Since 2008, the Mobile Air Pollution Engineering Laboratory research team at North 

Carolina State University (NCSU) has used simplified PEMS to measure LDGVs on a common 

set of test routes, comprised of 110 miles of on-road driving over a wide variety of road 
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functional classes, with speed limits ranging from 25 mph to 70 mph and road grades ranging 

from -10 percent to +10 percent (39, 43, 44).  Simplified PEMS, introduced around 2000, are 

illustrated by the GlobalMRV OEM-2100AX Axion, which is the size of a carry-on suitcase 

(45).  This instrument uses non-dispersive infrared (NDIR) sensors measure CO2, CO, and 

hydrocarbons (HC), uses electrochemical sensors measure nitric oxide and oxygen, and uses a 

laser light scattering detector to measure PM. 

Vehicle emission rates measured using PEMS can be reported on a microscale time basis 

as well as on a mesoscale driving cycle basis (2).  Microscale time-based emission rates are the 

mass of pollutant emitted per second, or second-by-second emission rates (46, 47).  Mesoscale 

driving cycle based emission rates are the mass of pollutant emitted per mile traveled for a given 

driving cycle, or cycle average emission rates (CAERs) (46, 47). 

Second-by-second emission rates can be quantified based on PEMS measurements of 

tailpipe exhaust pollutant concentrations and separate quantification of exhaust flow rates (EFR) 

(48).  For simplified PEMS, EFR is inferred from air-to-fuel ratio and engine mass air flow 

(MAF).  Air-to-fuel ratio can be estimated from exhaust gas concentrations measured with a 

PEMS (48, 49).  For many LDGVs, MAF is broadcast via the on-board diagnostic (OBD) 

interface.  For some vehicles, only indirect indicators of MAF are broadcast (42).  In such cases, 

MAF can be estimated using the SDM (50, 51).  The SDM is based on the ideal gas law and 

requires an estimate of the engine VE. 

VE is the ratio of actual intake to the theoretical MAF (52).  VE is affected by intra-

vehicle variability in the engine load and inter-vehicle variability in engine characteristics such 

as engine cylinder displacement, compression ratio, volume rated horsepower, type of fuel 

injection, valves per cylinder, variable valve timing, and valvetrain type (52ï59). 
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VE is typically proprietary and not reported for a given engine model.  In prior studies, 

VE has typically been assumed or estimated for use in the SDM as a basis for quantifying MAF 

and, subsequently, tailpipe emission rates (42, 48, 51, 60ï63).  However, intra- and inter-vehicle 

variability in VE has not simultaneously been quantified with respect to engine load and engine 

characteristics in the context of estimating emission rates based on PEMS.  Thus, the suitability 

of SDM-based estimates of MAF in conjunction with simplified PEMS has not been adequately 

evaluated. 

Mesoscale CAERs were quantified as the mass of pollutant emitted per mile for a given 

driving cycle (46, 47).  CAERs can be estimated using Vehicle Specific Power (VSP) modal 

models (64, 65).  VSP is an indicator of vehicle engine tractive power demand (66).  VSP has 

been used to quantify variability in vehicle fuel use and emission rates, and has been used as the 

basis for modal models in which second-by-second fuel use and emission rates are binned into 

ranges of VSP (64, 65).  Examples of such modal models include a 14-mode VSP modal model 

and the MOVES Operating Mode (OpMode) model (64, 65). 

The validity of binning approaches based on VSP depends on whether these approaches 

can precisely and accurately predict variability in CAERs.  Evaluation of precision and accuracy 

requires comparison of model predictions to independent measurements not used for model 

calibration.  However, prior studies calibrated the modal models based on empirical data but 

typically did not validate the models based on independent data.  The precision and accuracy of 

the VSP-based binning approaches in predicting variability in CAERs have not been adequately 

quantified with regard to inter-vehicle and inter-cycle differences. 
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1.3.3 Limitations of prior intermodal comp arisons 

Intermodal comparisons of energy use and emission rates between transit buses and PVs 

are affected by key sources of variability in vehicle size, fuel and powertrain, passenger load, and 

alignment of travel routes (14, 19, 20, 67ï69).  Prior studies found mixed results for intermodal 

comparison because of variability in passenger load.  Hodges reported that CO2 emission rates 

per passenger-mile for a generic transit bus carrying with a quarter of its capacity were 33% less 

than for a generic single-occupancy private vehicle (SOPV) (19).  A fully occupied generic 

transit bus was estimated to have 82% lower CO2 emission rates per passenger-mile compared to 

a generic SOPV.  However, Bigazzi estimated that the average energy use and CO2 emission 

rates per passenger-mile were higher for transit buses than for PVs (14).  Passenger load for both 

PVs and buses was not reported.  However, these studies did not quantify the variability in 

energy use and CO2 emission rates related to vehicle size, fuel and powertrain, and travel routes 

for both transit buses and PVs.   

Prior studies typically focused on the intermodal comparison of energy use and CO2 

emission rates for on-road passenger transport.  However, intermodal comparison of emission 

rates for other pollutants such as CO, THC, NOx, and PM is less common.  The U.S. Department 

of Transportation reported that, compared to a generic PV, a generic diesel transit bus had lower 

emission rates per vehicle-mile for CO and non-methane HC but larger emission rates per 

vehicle-mile for NOx and PM (20).  However, the variability in emission rates for buses and PVs 

related to vehicle size, fuel and powertrain, passenger load, and travel routes was not quantified. 

Prior studies of the intermodal comparison of energy use and emission rates for on-road 

passenger transport were typically based on a generic transit bus and PV.  However, key sources 

affecting the variability in the intermodal comparison of energy use and emission rates were not 
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jointly taken into account, such as vehicle size, fuel and powertrain, passenger load, and travel 

routes.  Accounting for sources of variability separately may neglect possible interactions 

between sources and could affect inferences regarding trends in the intermodal comparison and, 

thus, policy decisions on modal shift.   

Literature reviews on research gaps and needs have been conducted in detail from 

Chapters 2 to 5.  Error! Not a valid bookmark self -reference. includes contents and locations 

of literature review for each chapter in the dissertation. 

Table 1.1. Literature review content and locations for each chapter in dissertation. 

Content Location 

Key factors affecting transit bus tailpipe emission rates Chapter 2 

Factors affecting variability in engine volumetric efficiency 

Chapter 3 Use of speed-density method to quantify engine mass air flow and 

tailpipe emission rates 

Use of Vehicle Specific Power modal models to quantify vehicle cycle 

average emission rates 
Chapter 4 

Intermodal comparison of energy use and emission rates between transit 

buses and private vehicles 
Chapter 5 

 

1.4 Objectives 

The research objectives are to: 

O-1:  Evaluate factors affecting bus emission rates;  

O-2:  Evaluate the accuracy of VE estimation approaches and of SDM-based vehicle 

emission rates; 

O-3:  Quantify the precision and accuracy of VSP-based modeling approaches; and 

O-4:  Compare emission rates between transit buses and PVs accounting for key sources 

of variability. 

Figure 1.2 is a conceptual diagram of the intermodal comparison of energy use and 

emission rates between transit buses and PVs for on-road passenger transport.  For transit buses, 

factors affecting bus tailpipe emission rates are incorporated in a systematic modeling  
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Figure 1.2. A conceptual diagram for the intermodal comparison of energy use and emission rates for on-road passenger transport. 

OBD: On-Board Diagnostic; PEMS: Portable Emission Measurement Systems; PV: Private Vehicle; VSP: Vehicle Specific Power.
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framework, which is TBEM, including bus size, fuel and powertrain, passenger load, driving 

cycle, and model year.  The accuracy of TBEM is evaluated by comparing to independent 

empirical data.  The bus route-based energy use and emission rates are estimated from TBEM.  

For PVs, the accuracy of SDM-based tailpipe emission rates is quantified with respect to VE 

estimation approaches.  The accuracy of PV route-based CAERs estimated based on VSP modal 

models and OBD recorded vehicle activities is quantified.  Finally, route-based emission rates 

estimated by TBEM for transit buses and by the VSP modal model for PVs are compared based 

on real-world origin-destination pairs (ODPs).  ñModeò and ñmodalò in Chapters 2 and 5 refer to 

transportation modes, such as transit buses and PVs.  ñModeò and ñmodalò in Chapters 3 and 4 

refer to VSP modes. 

The dissertation is intended to:  (1) provide emission factors for transit buses and PVs for 

use in emission inventories and life cycle inventories; (2) evaluate the feasibility of reducing 

energy use and emissions via modal shift for on-road passenger transport; and (3) help transit 

planners and policy makers develop plans and promote strategies for on-road passenger transport 

modal shift to facilitate transit-oriented development, such as expansion of transit routing and  

coverage, optimization of transit route alignments, and improvement of infrastructure around 

transit stops for first- and last-mile connection. 

This dissertation evaluated the engineering-based feasibility of reducing on-road 

passenger transport energy use and emissions via modal shift.  Social, behavioral, and economic 

aspects also should be taken into account to increase the use of transit buses and, thus, help to 

reduce energy use and emissions for on-road passenger transport.  Such aspects include 

improvement of infrastructure at bus stops to provide shelter in inclement weather, increase in 

bus frequency and services, and improvement of comfort on the bus (70ï73).  In addition, policy 
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options can be taken into account to reduce the use of PVs, such as taxes on vehicle purchase and 

CO2 emissions, parking pricing schemes particularly for downtown areas, and development of 

low- or zero-emission zones to restrict vehicles access to specific areas of a city (74ï77). 

1.5 Author Contributions  

The author is responsible for the conceptualization, methodology, model, statistical 

analyses, and visualization from Chapters 2 to 5.  In addition, the author participated in vehicle 

measurements and analyses for 35 LDGVs, in which the author was a PEMS technician only for 

5 LDGVs, was a vehicle analyst only for 18 LDGVs, and was a PEMS technician as well as a 

vehicle analyst for 12 LDGVs.  For Chapter 3, the author reanalyzed 77 LDGVs based on 

different VE estimation approaches.  For Chapter 5, the author collected 20 bus speed trajectories 

using Global Positioning System receivers by riding transit buses in the Raleigh, NC area. 

The author also developed and implemented a systematic data framework for 232 

LDGVs measured from PEMS at NCSU.  The vehicle metadata were summarized, populated, 

and quality assured for each of 232 measured vehicles, including test information, vehicle 

identification number, vehicle model year, make, model, trim level, body type, regulatory data, 

engine data, types of fuel injection, vehicle weight, transmission type, number of transmission 

gears, vehicle driveline, vehicle mileage, number of people in the vehicle, rated fuel economy, 

ambient conditions, vehicle recruiting, and types of PEMS. 
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Table 1.2. List of author contributions on journal publications, conference papers, and project technical reports. 

Type of 

Materials 

Journals, Conference 

Proceedings, and Report 

Sponsors * 

Article Title  
Author 

Role 

Journal 

publication 

Atmospheric Environment Factors Affecting Variability in Fossil-Fueled Transit Bus Emission Rates First author 

Journal of the A&WMA 
Sensitivity of Light Duty Vehicle Tailpipe Emission Rates from Simplified Portable 

Emission Measurement Systems to Variation in Engine Volumetric Efficiency 
First author 

Transportation Research 

Record 

Evaluation of the Precision and Accuracy of Cycle-Average Light Duty Gasoline 

Vehicles Tailpipe Emission Rates Predicted by Modal Models 
First author 

Environmental Science & 

Technology 

Geospatial Variation of Real-World Tailpipe Emission Rates for Light-Duty Gasoline 

Vehicles 
Coauthor 

Fuel 
Comparison of Real-World Vehicle Fuel Use and Tailpipe Emissions for Gasoline-

Ethanol Fuel Blends 
Coauthor 

Conference 

paper 

113th Annual Conference & 

Exhibition of the A&WMA 

Application of Transit Bus Emissions Model to Emission Estimation: Case Study for A 

Wolfline Transit Bus Line at North Carolina State University 
First author 

111th Annual Conference & 

Exhibition of the A&WMA 
Development and Validation of Transit Bus Energy Use Rate Models First author 

110th Annual Conference & 

Exhibition of the A&WMA 

Development of Simplified Models of CNG, Diesel, and Hybrid Transit Bus Energy 

Use 
First author 

97th Annual Meeting of 

Transportation Research 

Board 

Evaluation of the Effect of Passenger Load on Transit Bus Energy Use First author 

23rd International Transport 

and Air Pollution Conference 
Trends in Light Duty Gasoline Vehicle Emissions Based on Real-World Measurements Coauthor 

111th Annual Conference & 

Exhibition of the A&WMA 
Development of Updated MOVES Lite: A Simplified Version of MOVES Coauthor 

Project 

technical 

report 

USEPA via the Eastern 

Research Group 

Method for Real-World Measurements of Light Duty Gasoline Vehicle Exhaust 

Emissions Using Portable Emission Measurement Systems at North Carolina State 

University from 2008 to 2018 

Coauthor 

ARPA-E USDOE Energy Estimator Design ï Phase I and Phase II Coauthor 

ARPA-E USDOE Energy Estimator ï Phase II Model Validation and Bias-Correction for Transit Buses Coauthor 

*Notes:  A&WMA: Air & Waste Management Association; USEPA: U.S. Environmental Protection Agency; ARPA-E USDOE: Advanced Research 

Projects Agency-Energy U.S. Department of Energy
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The author has authored and coauthored five peer-reviewed journal publications (three 

publications as the first author and two publications as a coauthor).  In addition, the author has 

authored and coauthored six peer-reviewed conference papers (four papers as the first author and 

two papers as a coauthor).  The author was also involved in writing project technical reports for 

the Advanced Research Projects Agency-Energy U.S. Department of Energy and for the U.S. 

Environmental Protection Agency via the Eastern Research Group.  Table 1.2 shows a list of 

journal publications, conference papers, and project technical reports that the author contributed 

on. 
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CHAPTER 2:  FACTORS AFFECTING VA RIABILITY IN FOSSIL-FUELED TRA NSIT 

BUS EMISSION RATES 

This chapter is published as:  Wei, T.; Frey, H. C. Factors Affecting Variability in Fossil-Fueled 

Transit Bus Emission Rates. Atmospheric Environment 2020, 233, 117613. 

2.1 Abstract 

Globally, there are over 10 million transit buses.  Exhaust emissions from transit buses 

include carbon dioxide (CO2), carbon monoxide (CO), total hydrocarbons (THC), nitrogen 

oxides (NOx), and particulate matter (PM).  Key factors affecting bus emission rates have been 

evaluated separately or in limited combinations in prior studies, including bus size, fuel and 

powertrain, passenger load, driving cycle, and model year.  However, bus emission rates are 

jointly affected by all of these factors.  To systematically evaluate these factors, a transit bus 

emissions model (TBEM) was developed.  TBEM is calibrated based on generic compressed 

natural gas (CNG) and diesel bus types represented in the U.S. Environmental Protection Agency 

MOtor Vehicle Emission Simulator and empirical cycle average emission rates from the 

Integrated Bus Information System.  The importance of the factors varies depending on the 

pollutant.  For emission rates per vehicle-kilometer, model year is an important factor for NOx 

and PM, fuel and powertrain is an important factor for CO and THC, and driving cycle and bus 

size are important factors for CO2.  For emission rates per passenger-kilometer, passenger load is 

generally an important factor for each pollutant.  For a given fuel and powertrain and pollutant, 

smaller buses have lower emission rates per vehicle-kilometer than larger buses.  However, a full 

large bus has lower emission rates per passenger-kilometer than a full small bus.  There are 

tradeoffs among bus types regarding emission rates, especially for THC and PM.  The 

comparison of bus emission rates is dependent on interactions between these key factors.  For 
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example, the effect of bus size and passenger load on emission rates is larger for lower speed 

driving cycles.  For 2010 and newer model year buses and for moderate to high speed driving 

cycles, diesel buses have the lowest NOx emission rates whereas for low speed cycles, CNG 

buses have the lowest NOx emission rates.  However, for 2007 to 2009 model year buses, CNG 

buses have the lowest NOx emission rates regardless of driving cycle.  The study will be useful in 

helping transit planners and policy makers to develop strategies to reduce transit bus fleet 

emissions and in providing accurate emission factors for use in bus life cycle inventories and 

emission inventories.   

2.2 Introduction  

Globally, there are over 10 million transit buses.  This number will increase because of 

growth in highly populated countries such as China, India, Brazil, and Mexico (Façanha et al., 

2012).  This number will also increase in developed countries such as the United States, the EU-

27, Russia, and South Korea because of increasing urbanization and transportation modal shift 

from private automobiles to public transit (Façanha et al., 2012).  Fossil-fueled transit buses 

generate tailpipe emissions including carbon dioxide (CO2), carbon monoxide (CO), total 

hydrocarbons (THC), nitrogen oxides (NOx), and particulate matter (PM) (U.S. Environmental 

Protection Agency [EPA], 2015a).  CO2 is a greenhouse gas (EPA, 2016a).  CO, THC, NOx, and 

PM have adverse health effects (EPA, 2009, 2010, 2015b; Kim et al., 2013).  Additionally, THC 

and NOx are precursors for ground-level ozone formation (Seinfeld and Pandis, 2016).  An 

understanding of factors affecting variability in transit bus tailpipe emission rates can help in 

identifying strategies to reduce emissions and improve air quality and human health. 

Bus tailpipe emission rates account for a large share of bus life cycle emissions.  For 

example, bus tailpipe CO2 emissions account for more than 85 percent of life-cycle CO2 
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emissions for compressed natural gas (CNG), diesel, and diesel-hybrid buses (Argonne National 

Laboratory, 2018).  Tailpipe NOx emissions account for about 60 percent of life-cycle NOx 

emissions for a diesel transit bus (Argonne National Laboratory, 2018).  Accurate and improved 

bus emission factors are increasingly needed and useful for bus life cycle inventories and 

emission inventories and for informed decision-making (Wayne, 2013; American Public 

Transportation Association [APTA], 2018).  To reduce transit bus tailpipe emissions and, thus, 

improve air quality and human health, transit agencies have been replacing old buses, 

transitioning from conventional diesel to alternative fuels and powertrains, and improving bus 

fleet management and route assignment (Regional Transportation Commission, 2015; 

Metropolitan Transportation Authority, 2018; U.S. Department of Transportation, 2018).  In 

2015, the average passenger load for a U.S. transit bus was only nine, which can easily be 

accommodated by a 30-foot (9-meter) long transit bus (Davis et al., 2018).  However, most U.S. 

transit buses are 40 feet (12 meters) long (Roman, 2009).  The current standard U.S. bus 

procurement guidelines do not specify that bus size should be selected based on passenger load 

(APTA, 2013).   

Exhaust emission rates for U.S. transit buses are subject to U.S. Environmental Protection 

Agency (EPA) exhaust emission standards for heavy-duty urban buses (EPA, 2016b).  The same 

standards apply to CNG and diesel powered buses (EPA, 2015a).  The standards depend on bus 

model year.  As model year increases from 1990 to 2010 (the most recent standard currently in 

effect), the emissions limits decreased by over 90 percent for NOx and PM.  The standards are 

based on engine dynamometer certification measurements; thus, the standards are not 

categorized by bus size or passenger load.  The Heavy-Duty Federal Test Procedure Transient 

Cycle is used for certification emissions testing of heavy-duty engines (Code of Federal 
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Regulations, 2011).  The current standard does not account for the interaction between factors 

that include bus size, fuel and powertrain, passenger load, and typical bus driving cycles.  There 

is only one standard for a given bus model year irrespective of these factors. 

Therefore, to provide more accurate emission factors for use in bus life cycle inventories 

and emission inventories, and to inform decisions and strategies regarding bus procurement, bus 

route management, and potential improvement in future bus engine certification testing, a 

systematic comparisons of bus emission rates is needed. 

The key factors affecting transit bus emission rates have been evaluated separately or in 

limited combinations in prior studies but have not been jointly evaluated in one study.  These key 

factors include bus size, fuel and powertrain, passenger load, driving cycle, and model year 

(Gajendran and Clark, 2003; Frey et al., 2007; Hesterberg et al., 2008; Zhai et al., 2008; Nix et 

al., 2011; Yoon et al., 2013; Alam and Hatzopoulou, 2014; Zhang et al., 2014; Xu et al., 2015; 

Yu et al., 2016; Wei et al., 2017; Huang et al., 2018). 

2.2.1 Bus size 

In the U.S., transit buses are typically 30-foot (9-meter), 40-foot (12-meter), and 60-foot 

(18-meter) long (APTA, 2013).  For example, in 2016, 9-meter, 12-meter, and 18-meter buses 

accounted for 6%, 90%, and 4%, respectively, of the Washington Metropolitan Area Transit 

Authority transit bus fleet, respectively (Dovak, 2016).  Wei et al. (2017) compared energy use 

rates per vehicle-kilometer traveled (VKT) for U.S. 9-meter, 12-meter, and 18-meter buses.  

Larger size buses had higher energy use rates than smaller size buses for a given fuel and 

powertrain.  However, the effect of bus size on exhaust emission rates was not quantified.  Nix et 

al. (2011) compared bus emission rates per VKT for 18-meter versus 12-meter diesel-hybrid 



 

 

30 

buses.  CO2 and NOx emission rates were significantly higher for 18-meter buses than 12-meter 

buses.  However, emission rates for 9-meter buses were not quantified.   

2.2.2 Fuel and powertrain  

In 2015, the U.S. transit bus fleet was comprised primarily of conventional diesel (43%), 

CNG (30%), and diesel-hybrid (15%) buses (Davis et al., 2018).  The eight most common bus 

types in the U.S. fleet include 9-, 12-, 18-meter CNG, 9-, 12-, 18-meter diesel, and 12-, 18-meter 

diesel-hybrid buses (APTA, 2013; Hughes-Cromwick and Dickens, 2018).  Although battery 

electric buses have started to penetrate into the U.S. market, they account for less than 1% of all 

U.S. transit buses (Kane, 2019).  Fossil-fueled transit buses are still being purchased by transit 

agencies and will continue to dominate in the U.S. for some time due to slow fleet turnover 

(Eckhouse, 2019).   

Based on chassis dynamometer measurements, Nix et al. (2011) compared emission rates 

per VKT for 12-meter model year 2003-2006 lean-burn CNG buses, model year 2007-2009 

stoichiometric CNG buses with three-way catalyst (TWC), model year 2003-2009 diesel buses, 

and model year 2003-2009 diesel-hybrid buses.  CO2 emission rates were lower for CNG and 

hybrid buses compared to diesel buses because CNG has lower carbon content than diesel, and 

hybrid buses were more energy efficient than diesel buses.  Lean-burn CNG buses and diesel-

powered buses, because of their higher engine compression ratios and lean-burn air and fuel 

mixtures, had lower CO but higher NOx emission rates than stoichiometric CNG buses with 

TWC.  PM emission rates for diesel and diesel-hybrid buses were lower for 2007 to 2009 model 

years compared to 2003 to 2006 model years due to the use of diesel particulate filters (DPFs).  

However, emission rates of newer model year buses, especially diesel buses equipped with 
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selective catalytic reduction (SCR) for NOx control, were not quantified.  The effect of passenger 

load on emission rates was also not quantified.   

Zhang et al. (2014) found that CO2 emission rates were lower for 12-meter hybrid buses 

compared to 12-meter CNG and diesel buses based on a real-world study using portable emission 

measurement systems (PEMS) in China.  However, the effect of fuel and powertrain on other 

pollutant emission rates was not quantified.   

Xu et al. (2015) compared predicted emission rates per VKT for CNG, diesel, and diesel-

hybrid buses using a Fuel and Emissions Calculator (FEC) aggregated to U.S. counties.  The 

tailpipe emission rates estimated by the FEC were based on the U.S. EPA MOtor Vehicle 

Emission Simulator (MOVES) (EPA, 2012).  However, the predicted emission rates were not 

calibrated and validated based on empirical data.  Bus size was not accounted for. 

2.2.3 Passenger load 

Frey at al. (2007) evaluated the effect of passenger load on CO2, CO, THC and NOx 

emission rates for 9-meter diesel buses in the U.S. and Portugal based on a real-world PEMS 

study.  Increase in passenger load led to increases in emission rates per VKT.  Alam and 

Hatzopoulou (2014) evaluated the effect of passenger load on greenhouse gas emission rates of 

diesel and CNG buses.  As passenger load increased, emission rates per VKT increased, but 

emission rates per passenger-kilometer traveled (PKT) substantially decreased.  However, the 

bus size was not reported, and the effect of passenger load on other pollutant emission rates was 

not quantified.  Yu et al. (2016) compared CO2, CO, THC, and NOx emission rates per VKT and 

per PKT for 9-meter diesel buses with varying passenger loads from 400 kg to 2,200 kg based a 

real-world PEMS study.  PKT emission rates were highly sensitive to passenger load, varying by 
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a ratio of 3 over the observed passenger loads.  However, the effect of driving cycles on 

variations in emission rates was not quantified. 

2.2.4 Driving cycle 

Transit buses can operate at low speeds for local transit operations in downtown areas, 

and can operate at high speeds for express bus operations in suburban areas (Federal Transit 

Administration, 2018).  Variations in driving cycle affect emission rates (Gajendran and Clark, 

2003; Zhai et al., 2008; Xu et al., 2015).  Emission rates per VKT for CO2, CO, THC, NOx, and 

PM for 12-meter diesel buses were generally higher for driving cycles with lower cycle average 

speed based on chassis dynamometer measurements of 4 driving cycles (Gajendran and Clark, 

2003).  Zhai et al. (2008) compared time-based CO2, CO, THC and NOx emission rates for 9-

meter diesel buses based on real-world driving cycles measured during real-world driving using 

PEMS.  Driving cycles can be measured for applications not related to regulatory compliance, 

such as to help improve the accuracy of emission inventories based on typical real-world driving.  

The routes were divided by links between two consecutive bus stops.  As bus stop-to-stop link-

average speeds increased from 8 to 48 km/hr, stop-to-stop link-average time-based emission 

rates in g/s increased, by roughly a factor of 2 for most of the pollutants, depending on the real-

world driving cycle.  Thus, variability in transit bus real-world driving cycles is a key factor 

affecting variability in bus emission rates.  Xu et al. (2015) found that the comparison of FEC-

predicted emission rates per VKT among CNG, diesel, and diesel-hybrid buses varied between 

local and express bus cycles.  However, the effect of bus size, passenger load, and model year 

was not quantified. 
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2.2.5 Model year 

Bus model year affects exhaust emission rates because of differences in emission 

standards (EPA, 2016b).  In 2016, 2010 and newer model year buses accounted for almost 50 

percent of the U.S. transit bus fleet (EPA, 2016c).  Although transit buses prior to the 2000 

model year accounted for less than 15 percent of the bus fleet, they are likely to be high-emitters 

compared to newer buses (Lau et al., 2015; EPA, 2016c).  High-emitter buses can make a 

substantial contribution to fleet emission inventories.  For example, based on a case study in 

Sweden, high-emitter buses accounted for 30% of the fleet but contributed to 50% to 75% of 

fleet exhaust emissions depending on the pollutant (Liu et al., 2019). 

Buses in different model year groups, which were subject to different standards, typically 

have different emission control technologies (Clark et al., 2002; Semin, 2008; Yoon et al., 2013).  

For example, with adoption by 2004 of exhaust gas recirculation (EGR) and oxidation catalysts 

(OCs), CO, THC, NOx, and PM emission rates were significantly reduced for 2004 versus 1994 

model year CNG and diesel buses (Hesterberg et al., 2008).  Model year 2007 12-meter CNG 

buses equipped with stoichiometric engines and TWC had lower THC and PM but higher CO 

emission rates than model year 2000 and 2001 12-meter CNG buses equipped with lean-burn 

engines (Yoon et al., 2013).  Stoichiometric CNG buses with TWCs had higher exhaust 

temperature compared to lean-burn CNG buses.  Higher exhaust temperature leads to higher 

catalyst temperature, which enables higher efficiency oxidation of engine-out THC emissions.  

TWCs also oxidize water-soluble organic compounds that otherwise would form carbon particles 

in the exhaust, thereby preventing some PM emissions (Yoon et al., 2013).  CO emission rates 

were higher for stoichiometric engines with TWCs compared to lean-burn engines due to short 

episodes of open-loop engine operation to protect TWCs from overheating (Eriksson and 
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Nielsen, 2014).  Based on remote sensing of diesel buses in Hong Kong, fuel-based THC and 

NOx emission rates were similar among model years from 1996 to 2005 but steadily decreased 

from 2006 to 2015 as a result of increasingly stringent emission standards (Huang et al., 2018).  

However, the effect of bus size and passenger load on emission rates was not quantified. 

2.2.6 Objectives 

Bus size, fuel and powertrain, passenger load, driving cycle, and model year are key 

factors affecting transit bus emission rates.  However, these factors have not been simultaneously 

evaluated together in one study.  Evaluating factors separately neglects possible interactions 

between factors.  Therefore, the objectives are to:  (1) evaluate factors affecting bus emission 

rates in a systematic framework; and (2) compare bus emission rates accounting for variations in 

these factors. 

2.3 Methods 

To systematically evaluate factors affecting bus emission rates, a transit bus emissions 

model (TBEM) is developed that incorporates bus size, fuel and powertrain, passenger load, 

driving cycle, and model year.  Details of the chassis dynamometer driving cycles used to 

calibrate the TBEM and development of adjustment factors for TBEM are described in the 

Supplementary Materials. 

2.3.1 Model development 

MOVES, developed by the U.S. EPA, can estimate emission rates for mobile sources 

including transit buses (EPA, 2015a, 2015c).  MOVES is used to develop localized and regional 

emission inventories (EPA, 2018).  MOVES can account for variability in model year, emission 

standard, and driving cycle.  However, MOVES estimates emission rates only for generic transit 

buses including CNG and diesel buses; it does not account for the effect of bus size and 
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passenger load.  Additionally, MOVES does not include diesel-hybrid buses.  Other models 

pertaining to buses, such as the Physical Emissions Rate Estimator (PERE) (Nam and Giannelli, 

2005), EcoGest (Silva et al., 2006), FuelCost2 (National Academies of Sciences, Engineering, 

and Medicine, 2011), and FEC (Xu et al., 2015), can account for some but not all of the key 

factors.  Thus, to evaluate factors affecting variability in bus emission rates, a new model is 

needed that takes all of these factors into account. 

TBEM is developed based on adjustments of predictions for generic CNG and diesel 

buses represented in MOVES.  TBEM includes eight common U.S. bus types: 9-meter CNG, 12-

meter CNG, 18-meter CNG, 9-meter diesel, 12-meter diesel, 18-meter diesel, 12-meter diesel-

hybrid, and 18-meter diesel-hybrid.  The passenger load for a bus ranges from empty to full 

capacity. 

Measured emission rates for transit buses were obtained from the Integrated Bus 

Information System (IBIS) (Wayne et al., 2011).  IBIS includes almost 4,000 chassis 

dynamometer test results for 305 buses and 20 selected driving cycles for 1990 to 2010 model 

year CNG and diesel buses and 2004 to 2010 model year diesel-hybrid buses.  Diesel-hybrid 

transit buses began to penetrate into the U.S. transit fleet in 2004 (Davis et al., 2018).  However, 

not all buses were measured on all cycles, and the test weights, which are surrogates for 

passenger load, differed.  IBIS includes the eight common U.S. bus types.  Measured pollutants 

include CO2, CO, THC, NOx, and PM.  TBEM does not include particulate number (PN) 

emissions.  This is because PN emissions are not accounted in the current EPA standard as well 

as in the MOVES.  IBIS also does not have empirical PN emission data.  In addition, engine 

stop-start technology was not introduced to U.S. conventional diesel buses until 2015 (Claflin, 

2015).  Diesel buses with stop-start technology accounted for only 0.1 percent of the U.S. transit 
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fleet in 2015.  There are no data in IBIS for buses with stop-start technology.  Therefore, engine 

stop-start technology is not taken into account in TBEM. 

TBEM emission rates for each of the eight bus types were developed based on MOVES 

predicted emission rates for generic transit buses multiplied by four factors, including:  (1) 

reference size and load correction factor (RSLCF); (2) bus size scaling factor (BSSF); (3) 

passenger load scaling factor (PLSF); and (4) model year group adjustment factor (MYGAF). 

For diesel and CNG buses, TBEM was calibrated based on MOVES predictions for generic 

diesel and CNG buses.  Since MOVES does not include diesel-hybrid buses and the fuel for 

diesel and diesel-hybrid buses is the same, the estimates for diesel-hybrid buses were referenced 

to MOVES predictions for generic diesel buses.  Measured emission rates for hybrid buses were 

used as the basis for RSLCF and, thus, TBEM is calibrated to data for hybrid buses.  Bus 

emission rates are estimated as: 

4%2ȟȟ ȟȟȟ -%2ȟ ȟȟ 23,#&ȟȟ ȟ "33&ȟȟ
ȟȟ

0,3&ȟȟ
ȟȟ

-9'!&ȟȟ ȟ (1) 

Where, 

4%2ȟȟ ȟȟȟ  = TBEM estimated emission rates per VKT (g/km) for a bus with a  

given bus size s (9-, 12-, and 18-meter long), fuel and powertrain f 

(CNG, diesel, and diesel-hybrid), model year my, driving cycle c, 

passenger load n, and pollutant p (CO2, CO, THC, NOx, and PM); 

-%2ȟ ȟȟ  = MOVES predicted emission rates per VKT (g/km) for generic  

buses with a given fuel and powertrain f (CNG and diesel), model 

year my, driving cycle c, and pollutant p; 

23,#&ȟȟ ȟ = reference size and load correction factor for 40-foot (12-meter)  
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buses with a given fuel and powertrain f, half passenger load, and 

pollutant p; 

"33&ȟȟ
ȟȟ

  = bus size scaling factor, which is the ratio of emission rates per  

VKT for a bus with half passenger load for a given bus size s to a 

40-foot (12-meter) bus with half passenger load running on a 

driving cycle c; 

0,3&ȟȟ
ȟȟ

  = passenger load scaling factor, which is the ratio of emission rates  

per VKT for a bus with passenger load n to a bus with half 

passenger load for a given bus size s and driving cycle c; 

-9'!&ȟȟ ȟ = model year group adjustment factor for a bus with a given bus size  

s, fuel and powertrain f, within model year group myg, and 

pollutant p. 

The maximum passenger load includes the seating and standing capacity and depends on 

bus size.  The half passenger load is half of the maximum passenger load for each bus size.  Each 

of the four adjustment factors is briefly described below.   

2.3.1.1 Reference size and load correction factor 

The RSLCF is the ratio of emission rates per VKT for a reference bus size and load to the 

generic bus types represented in MOVES.  The reference bus size and load is a 12-meter bus 

with half passenger load.  The RSLCF was developed by comparing measured emission rates per 

VKT from empirical data for the reference bus size and load versus MOVES generic predictions 

for a given fuel and powertrain for each driving cycle at a selected model year.  IBIS has uneven 

coverage in terms of the number of measured buses and driving cycles for each model year.  
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Therefore, a model year was selected for which buses of the reference size and load were 

measured on the largest number of the driving cycles.   

2.3.1.2 Bus size scaling factor 

The BSSFs were developed to scale emission rates per VKT from the reference size to 9-

meter and 18-meter buses, both at the reference passenger load.  The BSSFs were developed 

based on differences in bus weight as a function of bus size and the effect of differences in bus 

weight on tractive power demand.  Emission rates for buses in a given model year are certified to 

the same emission standard in g/hp-hr for gross vehicle weight rating (GVWR) greater than 

3,900 kg (EPA, 2016b).  The GVWR for a typical 9-meter bus is 11,000 kg; thus, emission rates 

in g/hp-hr for buses in a given model year are certified to the same standard regardless of bus 

weight.  However, the tractive power needed is proportional to bus weight (Jiménez-Palacios, 

1999).  Therefore, emission rates are also proportional to bus weight.  The ratio of the bus 

tractive power to a 12-meter bus with half passenger load was estimated for a 9-meter or 18-

meter bus with half passenger load. 

2.3.1.3 Passenger load scaling factor 

The PLSFs scale emission rates per VKT from half passenger load to varied passenger 

load.  Since, for a given model year bus, emission rates in g/hp-hr are certified to the same 

standard regardless of bus weight (EPA, 2016b), emission rates on a g/hp-hr basis are the same 

regardless of passenger load.  However, emission rates per VKT vary with passenger load 

because passenger load affects vehicle weight, which affects tractive power demand, and which 

translates into a proportional change in engine power output in terms of hp-hr.  Thus, for each 

bus size, the PLSFs were developed based on the effect of an incremental passenger on bus 

weight and tractive power. 
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2.3.1.4 Model year group adjustment factor 

The MYGAF calibrates TBEM to empirical data for each model year group.  For each 

model year group, the MYGAF was developed based on the ratio of mean empirical emission 

rates to mean interim TBEM estimated emission rates.  Interim TBEM estimated emission rates 

are MOVES predicted emission rates for generic transit buses at a given model year multiplied 

by RSLCFs, BSSFs, and PLSFs. 

The TBEM model inputs include bus length, fuel and powertrain, passenger load, driving 

cycle (i.e., second-by-second 1 Hz speed trajectory), and model year.  The model outputs include 

bus emission rates per VKT and per PKT. 

2.3.1.5 Other factors 

In addition to key factors, there are other factors that may affect bus emission rates, such 

as ambient temperature and relative humidity (TRH) (McCormick et al., 1997; Wang et al., 

2017), air conditioning (AC) usage (Zhang et al., 2014), and deterioration (Ubanwa et al., 2002; 

Mishra and Goyal, 2014).  For ambient TRH, MOVES does not apply ambient temperature 

adjustments for bus running-exhaust emission rates, and applies a common NOx emissions 

humidity correction factor to diesel and CNG buses regardless of engine size (Code of Federal 

Regulations, 1983; EPA, 2015d).  For AC effects, there are few real-world data regarding the 

effect of AC operation on bus emission rates (Zhang et al., 2014).  AC adjustment factors on 

emission rates for transit buses in MOVES are based on data for light-duty vehicles (EPA, 

2015d).  Thus, there are insufficient data to explicitly account for AC effects.  For deterioration 

effects, MOVES currently accounts for deterioration based on assessments of assumed 

proportions of malfunctioning vehicles and assumed emission differences from the malfunction 

rather than based on empirical data (EPA, 2015d). 
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Therefore, there is lack of data upon which to base TRH adjustments, except for the 

effect of relative humidity on engine-out NOx emission rates.  The latter is assumed in MOVES 

to be the same regardless of fuel.  Therefore, the relative humidity adjustment for NOx does not 

discriminate among bus types.  AC loads will be similar among buses of the same cabin size, and 

will increase proportionally with bus cabin size.  Hence, AC loads are not expected to be a 

discriminating factor when comparing among buses.  Additionally, due to lack of sufficient 

empirical data, the effect of AC usage and deterioration on bus emission rates is difficult to 

quantify.  Therefore, these other factors are not included. 

2.3.2 Model evaluation 

TBEM was evaluated by comparing predictions to independent empirical data not used in 

model calibration, including chassis dynamometer tests and real-world PEMS measurements. 

Hajbabaei et al. (2013) conducted chassis dynamometer tests on the Central Business District 

(CBD) driving cycle for 2003, 2004, and 2009 model year CNG buses.  As bus model year 

increased from 2003 to 2009, CO2 and THC emission rates per VKT decreased by 5 percent and 

65 percent, respectively.  Guo et al. (2014) and Yu et al. (2016) conducted real-world PEMS 

measurements to measure bus tailpipe exhaust emission rates in which buses operated on actual 

roads, under actual traffic conditions, and during which a continuous exhaust gas sample was 

measured using continuous gas analyzers.  Both of these studies reported average speeds for the 

real-world driving cycles, but did not report second-by-second (1 Hz) speed trajectory data.  

TBEM requires second-by-second speed trajectory data as an input.  The IBIS data used to 

calibrate TBEM include 20 driving cycles with second-by-second speed.  Therefore, the second-

by-second driving cycle from the IBIS data with an average speed closest to that of the reported 

real-world driving cycle from the independent studies was used as input to TBEM.  The 20 
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driving cycles reported from IBIS have a wide range of cycle average speeds varying from 6.0 to 

68.3 km/hr, and a wide range of cycle characteristics such as maximum speed, standard deviation 

of speed, cycle duration, fraction of time at idle, and cycle distance. 

To evaluate the sensitivity of emission rates per VKT and per PKT to each of the five 

factors for each pollutant, Spearman correlation coefficients (Spearman, 1904) were estimated 

between TBEM estimated emission rates and each factor.  Emission rates per VKT and per PKT 

for each pollutant were estimated for eight bus types, passenger loads from 5 to 40, 20 driving 

cycles reported from IBIS with average speeds from 6.0 to 68.3 km/hr, and bus model years from 

1990 to 2010.  Passenger load of 40 is the maximum seated and standing capacity of 9-meter 

buses and can be accommodated by longer buses.  Bus model year was varied from 1990 to 2010 

because TBEM was calibrated based on this range and the 2010 emission standards are still in 

effect (EPA, 2015a). 

2.3.3 Comparison of bus types 

TBEM predicted emission rates were compared among eight bus types for varied 

passenger loads, driving cycles, and model years.  Among eight bus types, for a given passenger 

load, driving cycle, and model year, a particular bus type may have the lowest emission rates for 

one pollutant but higher emission rates than some other bus types for other pollutants.  Thus, 

there may be emission tradeoffs when comparing bus types.  To assess if there are emission 

tradeoffs among bus types, emission rates per VKT were compared for each pair of pollutants 

among eight bus types for a given passenger load and model year based on an average of 20 

driving cycles. 

To assess if the comparison of bus types is sensitive to passenger load, driving cycle, or 

model year, emission rates per PKT for each pollutant were compared among eight bus types for 
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varied passenger load, driving cycle, and model year, respectively.  Passenger load was varied 

from 5 passengers to the maximum passenger capacity for each bus size.  Driving cycles varied 

based on cycle average speeds from 6.0 to 68.3 km/hr.  Bus model year was varied from 1990 to 

2010. 

2.4 Results 

TBEM was developed based on emission rates per VKT reported from IBIS, including 

213 buses, 20 driving cycles, and over 2,000 individual tests.  Results include: (1) calibration of 

TBEM; (2) model evaluation; and (3) model applications. 

Supplementary Materials include details regarding the calibration of RSLCFs, BSSFs, 

PLSFs, and MYGAFs for TBEM, and the results based on over 1,500 TBEM model runs for the 

emission tradeoffs for 10 pairs of pollutants among eight bus types with varied passenger load, 

driving cycle, and model year, and for comparisons of CO2, CO, THC, NOx, and PM emission 

rates among eight bus types with respect to variations in passenger load, driving cycle, and 

model year. 

2.4.1 Calibration of transit bus emissions model 

There is no consistent biases in MOVES generic predictions.  Compared to MOVES 

generic predictions, measured emission rates for buses with reference size (12 meter) and load 

(20 passengers) at the selected reference model year have 98% lower to 122 % higher emission 

rates depending on the fuel, powertrain, and pollutant.  The selected reference model year for 

CNG buses is 2005, and for diesel and diesel-hybrid buses is 2006.  As an example of 

differences in measured versus MOVES predicted rates, 12-meter CNG buses have 91% and 

20% lower emission rates for CO and THC, but have 2%, 81%, and 122% higher rates for CO2, 

NOx, and PM, respectively.  Thus, MOVES predicted emission rates do not appear to be for a 
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particular bus size and load.  In addition to the lack of quantification of bus size and load, the 

large differences between measured and MOVES predicted rates are also because MOVES does 

not account for diesel-hybrid buses and because MOVES predicated rates for 2004 and newer 

model year CNG buses are based on the applicable emission standards instead of empirical data 

(EPA, 2015a).  For example, for diesel-hybrid buses with reference size and load at the reference 

model year of 2006, measured CO emission rates are 98% lower than MOVES predictions for 

generic diesel buses.  For CNG buses with reference size and load at the reference model year of 

2005, measured PM emission rates are 122% higher than MOVES predictions for generic CNG 

buses. 

BSSFs vary with cycle average speed.  As cycle average speeds increase from 6.0 to 68.3 

km/hr, the BSSF for 9-meter buses increases from 0.65 to 0.93, and the BSSF for 18-meter buses 

decreases from 1.55 to 1.22.  The vehicle engine load is quantified based on scaled tractive 

power which includes tractive power demand from changes in kinetic energy, changes in 

potential energy, rolling and rotational resistance, and aerodynamic drag (EPA, 2015a).  

Aerodynamic drag is proportional to the cube of speed; thus, at high speed, tractive power is 

dominated by aerodynamic drag and is relatively insensitive to bus weight.  When buses operate 

at low speed, tractive power is more sensitive to changes in kinetic energy and, thus, bus weight.  

Therefore, when accelerating and driving at lower speeds, the bus weight, which includes the 

empty weight of a bus and the weight of passengers on the bus, will dominate the driving 

resistance.  Thus, as speed increases, BSSF approaches 1 and the effect of bus weight and 

passenger load becomes less important. 

PLSFs vary with cycle average speed.  PLSFs range from 0.95 to 1.17 depending on the 

bus size, passenger load, and cycle average speed.  For a given bus size, the PLSF is greater than 
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1 if the actual passenger load is larger than the reference passenger load; the PLSF is less than 1 

if the actual passenger load is smaller than the reference passenger load.  The PLSF approaches 1 

as cycle average speeds increase regardless of passenger load, which implies that the effect of 

passenger load becomes less important as speed increases (Wei and Frey, 2017). 

  The representativeness of bus engine certification testing could be improved, subject to 

further evaluation of cost and feasibility.  The test procedures could be modified or augmented to 

represent engine loads typical of bus operations, including conditions of varying bus weight 

(related to bus size and passenger load) at low speeds and conditions of high aerodynamic drag 

related to high speeds.  Creation of bus test cycles would require that engines that might be used 

in multiple types of vehicles would have to undergo additional engine dynamometer test 

procedures, which would increase compliance test cost.  Chassis dynamometer testing could be 

conducted to simulate bus driving cycles.  However, the latter would require the use of expensive 

heavy duty chassis dynamometer test facilities. 

MYGAFs vary depending on model year groups and pollutants for 12-meter CNG, diesel, 

and diesel-hybrid buses.  The empirical emission rates for a given pollutant typically decrease as 

model year group increases.  Emission standards have typically become more stringent over time 

(EPA, 2016b).  For example, for 12-meter diesel buses, average measured PM emission rates 

decrease from 1.0 g/km in the 1990 model year to 0.02 g/km in the 2010 model year.  

Concurrently, average measured NOx emission rates decrease from 15.6 g/km in the 1990 model 

year to 0.3 g/km in the 2010 model year.  The reduction in PM and NOx emission rates for 12-

meter diesel buses is largely due to the use of DPFs beginning in 2007 and SCR beginning in 

2010 (Nelson, 2010).  MYGAFs for other pollutants for each bus type also have large ranges of 

variability. 
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2.4.2 Model evaluation 

Table 2.1 shows the comparison of emission rates predicted using TBEM versus three 

independent studies.  The independent studies include chassis dynamometer measurements 

(Hajbabaei et al., 2013) and real-world PEMS measurements (Guo et al., 2014; Yu et al., 2016).  

Since bus size and passenger load were not reported by Hajbabaei et al. (2013), a range of 

emission rates for each reported pollutant is given in Table 2.1.  The range is based on a 9-meter 

bus carrying 5 passengers and an 18-meter bus carrying 110 passengers.  Emission rates from 

Hajbabaei et al. (2013) were generally within the TBEM predicted range.  Compared to Guo et 

al. (2014), the differences in emission rates per VKT between TBEM predictions versus 

empirical rates range from -24 to +6 percent depending on the pollutant.  Compared to Yu et al. 

(2016), TBEM predicted emission rates per PKT are similar to empirical rates within an absolute 

difference of 0.1 g/passenger-km for NOx and no difference for CO and THC.  Therefore, the 

TBEM predicted emission rates are comparable to independent studies. 

Spearmanôs correlation coefficients for emission rates per VKT and per PKT versus each 

factor are shown in Table 2.2 based on sensitivity analysis of TBEM.  The importance of factors 

varies among the pollutants.  For PM and NOx, model year has the largest correlation with 

emission rates per VKT.  This is attributed to more stringent emission standards for PM and NOx 

especially since 2007 and 2010, respectively; the regulated PM and NOx emission rates 

decreased by 98% each for all fuels and powertrains from 1990 to 2010 (EPA, 2016b).  For CO 

and THC, the fuel and powertrain has the largest correlation with emission rates per VKT.  This 

is because CNG buses typically have much higher CO and THC emission rates compared to 

diesel and diesel-hybrid buses.  Driving cycle and bus size are the factors most highly correlated 

with CO2 emission rates per VKT, which indicates CO2 emission rates, which are closely related  
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Table 2.1. Comparison of emission rates per vehicle-kilometer and per passenger-kilometer based on prior studies and predicted by the 

Transit Bus Emission Model (TBEM). 

Study 
Bus 

Type 

Model 

Year 

Driving 

Cycles 3 

Cycle 

Average 

Speed 

(km/hr) 

Passenger 

Load (#) 4 
Pollutant 

Emission 

Rate 
Units 5 

Transit Bus Emissions Model 

Driving 

Cycles 6 

Cycle 

Average 

Speed 

(km/hr) 

Cycle 

Average 

Emission 

Rate 7 

Units 

Hajbabaei 

et al. 

(2013) 

CNG 1 2009 CBD 21.1 na 
CO2 1,040 g/km 

CBD 21.1 
980-2,270 g/km 

THC 3.7 g/km 5.0-11.6 g/km 

CNG 1 2004 CBD 21.1 na 
CO2 1,080 g/km 

CBD 21.1 
1,060-2,460 g/km 

THC 9.3 g/km 9.9-23.1 g/km 

CNG 1 2003 CBD 21.1 na 
CO2 1,090 g/km 

CBD 21.1 
990-2,300 g/km 

THC 10.6 g/km 8.9-20.6 g/km 

Guo et al. 

(2014) 

12-

meter 

Diesel 

2000 2 
Real-

world 
31.2 17 

NOx 9.5 g/km 
WVU  

5-peak 
32.2 

8.7 g/km 

CO 1.5 g/km 1.2 g/km 

CO2 680 g/km 660 g/km 

12-

meter 

Diesel 

2000 2 
Real-

world 
29.5 17 

NOx 8.9 g/km 

HDUDDS 30.3 

9.4 g/km 

CO 1.8 g/km 1.4 g/km 

CO2 630 g/km 670 g/km 

Yu et al. 

(2016) 

12-

meter 

Diesel 

2000 2 
Real-

world 
21.6 30 

NOx 0.3 g/p-km Mexico 

City 

Schedule 

Mode 3 

21.7 

0.4 g/p-km 

CO 0.1 g/p-km 0.1 g/p-km 

THC 0.01 g/p-km 0.01 g/p-km 

Notes: 1. The bus size was not reported by Hajbabaei et al. (2013) for the measured compressed natural gas (CNG) transit buses. 

2. The bus model year was not reported by Guo et al. (2014) and Yu et al. (2016).  Since the measured buses were both certified to Euro-

III emission standards which apply for buses between the 2000 and 2004 model year, to make a fair comparison between independent 

data and TBEM estimates, the buses were assumed to be 2000 model year transit buses. 

3. CBD: Central Business District driving cycle 

4. na: not available.  The passenger load was not reported by Hajbabaei et al. (2013). 

5. g/p-km: gram per passenger kilometer 

6. WVU 5-peak: West Virginia University 5-peak driving cycle; HDUDDS: Heavy Duty Urban Dynamometer Driving Schedule driving 

cycle 

7. Since Hajbabaei et al. (2013) did not report bus size and passenger load, a range of TBEM predicted emission rates is given.  The lower 

bound represents emission rates for a 9-meter bus carrying 5 passengers.  The upper bound represents emission rates for an 18-meter 

bus carrying 110 passengers. 
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Table 2.2. Spearmanôs correlation coefficients of emission rates per vehicle-kilometer and per 

passenger-kilometer for each pollutant versus each selected factor, including bus size, fuel and 

powertrain, passenger load, driving cycle, and model year. 

Emission Rate 1 

Factors 2 

Bus  

Size 3 

Fuel and 

Powertrain 4 

Passenger 

Load 5 

Cycle 

Average 

Speed 6 

Model 

Year 7 

Emission Rate per 

Vehicle-Kilometer 

(g/km) 

NO
x
 0.18 -0.06 0.04 -0.33 -0.81 

CO 0.06 0.46 0.03 -0.22 -0.28 

CO
2
 0.52 -0.05 0.10 -0.73 -0.05 

THC 0.08 0.70 0.02 -0.20 -0.48 

PM 0.13 -0.48 0.03 -0.22 -0.57 

Emission Rate per 

Passenger-Kilometer 

(g/passenger-km) 

NO
x
 0.11 -0.08 -0.50 -0.21 -0.45 

CO 0.03 0.31 -0.39 -0.16 -0.20 

CO
2
 0.25 -0.02 -0.85 -0.37 -0.03 

THC 0.02 0.67 -0.37 -0.17 -0.31 

PM 0.08 -0.40 -0.42 -0.16 -0.50 

  Notes:  1. Emission rates are estimated based on transit bus emissions model (TBEM).  Total  

number of simulated cases is 26,880 (8 bus types × 8 passenger loads × 20 driving 

cycles × 21 model years) 

2. Number in bold indicates the highest absolute correlation coefficient for each pollutant 

emission rate. 

3. Bus sizes include 9-meter, 12-meter, and 18-meter long based on numerical values. 

4. Fuel and powertrain is a categorical variable including diesel (as baseline), diesel-

hybrid, and compressed natural gas (CNG).  Diesel is Category 1, diesel-hybrid is 

Category 2, and CNG is Category 3. 

5. Passenger load ranges from 5 to 40 in increments of 5 passengers. 

6. Cycle average speeds varies among 20 driving cycles within a range of 6.0 to 68.3 

km/hr. 

7. Model year ranges from 1990 to 2010 in increments of one year. 
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to energy use rates, are more sensitive to variations in bus speed and size compared to other 

factors.  Passenger load plays a minor role in determining emission rates per VKT for each 

pollutant. 

However, passenger load plays an important role in determining emission rates per PKT 

especially for NOx, CO, and CO2.  As passenger load increases, emission rates per PKT 

substantially decrease (Gallivan and Grant, 2010; Lau et al., 2011; Alam and Hatzopoulou, 

2014).  For THC, fuel and powertrain has the largest correlation with emission rates per PKT 

because CNG buses have one to two orders of magnitude higher THC emission rates compared 

to diesel and diesel-hybrid buses.  For PM, model year is the most important factor due 

toincreasingly stringent emission standards, followed by passenger load, fuel and powertrain.  

Bus size generally plays a minor role for emission rates per PKT. 

2.4.3 Model applications 

Examples of tradeoffs in TBEM predicted average emission rates for a 2010 model year 

bus with 40 passengers are shown in Figure 2.1.  The emission rates per VKT are based on 

average of 20 driving cycles reported from IBIS.  For a given fuel and powertrain, as bus size 

becomes smaller, the emission rates per VKT decrease.  Diesel and CNG transit buses have 

lower NOx emission rates than diesel-hybrid buses regardless of bus size.  The high NOx 

emission rates for 2010 model year diesel-hybrid buses were largely due to lower exhaust 

temperatures associated with intermittent engine operation, which leads to decreased SCR 

catalyst efficiency (Guo et al., 2015).  Guo et al. (2015) used PEMS to measure bus hot 

stabilized tailpipe NOx emission rates and exhaust temperatures for four diesel and two diesel-

hybrid buses.  The PEMS measurements were conducted on four real-world bus routes with 

travel distances of 11.1 to 14.4 km and travel durations of 33 to 61 min.  The average exhaust  
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Figure 2.1. Examples of emission tradeoffs in emission rates per vehicle-kilometer among eight 

bus types for a 2010 model year bus with 40 passengers:  (a) NOx versus CO; (b) NOx versus 

PM; (c) NOx versus THC; and (d) THC versus PM.  Emission rates per vehicle-kilometer are 

based on the average of 20 driving cycles. 
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temperature for diesel-hybrid buses was 151 °C, which was lower than for diesel buses at 193 

°C.  The lower average catalyst temperature for the hybrid buses is associated with 19 percent 

higher average NOx emission rates compared to the diesel buses.  CNG buses have substantially 

higher CO emission rates than diesel and diesel-hybrid buses.  CNG buses have higher engine-

out CO emissions than diesel powered buses as a result of stoichiometric combustion versus 

excess air combustion, respectively.  Additionally, high CO emission rates for CNG buses with 

stoichiometric engines and TWCs are also caused by periodic open-loop engine operation 

(Eriksson and Nielsen, 2014).  Among the eight bus types, the 9-meter diesel bus is the best 

choice in terms of lowest NOx and CO emission rates, as shown in Figure 2.1(a).  For the second 

best choice, there is a tradeoff between 9-meter CNG and 12-meter diesel buses.  An average 9-

meter CNG bus has a slightly lower NOx emission rate but an over 100-fold higher CO emission 

rate than an average 12-meter diesel bus. 

An example of an emissions tradeoff between NOx and PM is shown in Figure 2.1(b).  

For a given size, CNG buses have lower PM emission rates but higher NOx emission rates than 

diesel buses.  For example, 9-meter CNG buses have 68% lower PM emission rates but 11% 

higher NOx emission rates than 9-meter diesel buses. There is also a tradeoff between 12-meter 

diesel-hybrid buses and 18-meter diesel buses for NOx versus PM.  The 12-meter diesel-hybrid 

buses have 35% higher NOx emission rates but 21% lower PM emission rates than 18-meter 

diesel buses.  Among all of the eight bus types, there is a tradeoff for the best choice in terms of 

lowest NOx and PM emission rates.  The 9-meter diesel bus has the lowest average NOx emission 

rate, at 287 mg/km, but has more than 80% higher average PM emission rate than CNG buses for 

any size, indicating that the use of 9-meter diesel buses is effective in avoiding some NOx 

emissions but with the tradeoff of generating excess PM emissions. 
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There are tradeoffs between NOx and THC emission rates as shown in Figure 2.1(c).  The 

THC emission rate for CNG buses is one to two orders of magnitude higher than for diesel and 

diesel-hybrid buses.  THC emissions are typically higher for stoichiometric combustion, as is the 

case for CNG buses in recent model years, versus excess air combustion, as is the case for diesel 

buses (Nix et al., 2011).  Diesel-hybrid buses have lower THC emission rates but higher NOx 

emission rates compared to diesel and CNG buses regardless of bus size.  For a given bus size, 

2010 model year diesel buses have slightly lower NOx emission rates than 2010 model year CNG 

buses due to the effect of SCR in reducing NOx emissions for diesel buses (Clark et al., 2012; 

Guo et al., 2014).  The 12-meter hybrid bus is the best choice in terms of the lowest THC 

emission rates, but it has higher NOx emission rates than diesel and CNG buses for any size.  The 

9-meter diesel bus is the best choice in terms of the lowest NOx emission rates, but it has higher 

THC emission rates than 12-meter and 18-meter hybrid buses.  Since NOx and THC are 

precursors for ground-level ozone formation (Seinfeld and Pandis, 2016), the tradeoff between 

NOx and THC emission rates has implications with respect to management of ground-level 

ozone concentrations. 

The emissions tradeoff between THC and PM is shown in Figure 2.1(d).  CNG buses 

have lower PM emission rates but higher THC emission rates than diesel and diesel-hybrid buses 

regardless of bus size.  The 12-meter diesel-hybrid bus has the lowest THC emission rate but 

higher PM emission rates than any CNG buses and than 9-meter and 12-meter diesel buses.  The 

9-meter CNG bus has the lowest PM emission rates but higher THC emission rates than diesel 

and diesel-hybrid buses for any size. 

Of the pollutants evaluated, CO2, NOx, and PM are often of greatest concern related to 

climate change in the case of CO2 and adverse human health effects in the cases of NOx and PM.  
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Therefore, the tradeoffs among these pollutants are illustrated in Figure 2.2 based on 40 

passengers and the average of 20 driving cycles.  For a given fuel and powertrain, emission rates 

per VKT are lower for smaller buses regardless of pollutant.  The 9-meter CNG buses have the 

lowest CO2 and PM emission rates, and have the second lowest NOx emission rates.  Although 9-

meter diesel buses have the lowest NOx emission rate, they have higher PM emission rates than 

any CNG buses.  The result for PM is in accordance with Guo et al. (2014), in which average PM 

emission rates for diesel buses were about three times higher than for CNG buses based on a 

PEMS study for 13 Euro-V transit buses.  Although diesel-hybrid buses are more energy 

efficient than diesel and CNG buses, they have higher NOx and PM emissions rates due to 

frequent starts of the internal combustion engine (ICE) (Guo et al., 2015).  On average, the ICE 

shut off for roughly 80 seconds before the ICE start. 

 
Figure 2.2. Comparison among eight bus types of emission rates per vehicle-kilometer for CO2 

versus NOx versus PM for a 2010 model year bus with 40 passengers.  Emission rates per 

vehicle-kilometer are based on the average of 20 driving cycles. 
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Details regarding the VKT-based emissions tradeoffs for 10 pairs of pollutants among 

eight bus types with varied passenger load, driving cycle, and model year are shown in the 

Supplementary Materials.  For a given driving cycle and model year, the trends in tradeoffs 

among pollutants are not sensitive to passenger load.  Passenger load only affects the numerical 

value of emission rates.  As passenger load increases, emission rates per VKT increase.  For a 

given passenger load and model year, the tradeoffs among some pollutants are sensitive to 

driving cycle.  For example, for a 2010 model year bus with 40 passengers on a low speed cycle 

(e.g., New York Bus Cycle [NYBC] with average speed of 6.0 km/hr), 9-meter diesel buses have 

3% lower CO2 but 8% higher NOx VKT-based emission rates than 9-meter CNG buses.  When 

operating on a high speed cycle (e.g., King County Metro Cycle [KCMC] with average speed of 

37.3 km/hr), 9-meter diesel buses have 3% higher CO2 but 28% lower NOx VKT-based emission 

rates than 9-meter CNG buses.  For a given passenger load and driving cycle, the tradeoffs 

among pollutants are sensitive to model year.  For example, for buses with 40 passengers 

operating on the KCMC, 9-meter diesel buses have the lowest NOx emission rates and the fourth 

lowest PM emission rates among the eight bus types in the 2010 model year.  However, in the 

2004 model year, 9-meter diesel buses have the fourth lowest NOx emission rates and the sixth 

lowest (i.e., the third highest) PM emission rates among the eight bus types. 

Emission-based rankings of bus types are shown in Figure 2.3 for 40 passengers and 

2010 model year.  The rankings are based on emission rates per PKT for an average of 20 

driving cycles.  Typically, for a given fuel and powertrain for each pollutant, the ranking 

improves as the bus size becomes smaller.  Nine-meter buses have lower PKT emission rates 

relative to 12-meter buses, and 12-meter buses have lower PKT emission rates relative to 18-

meter buses.   
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Figure 2.3. Rankings versus bus types for each pollutant for a 2010 model year bus with 40 

passengers based on the average of 20 driving cycles.  Ranking No. 1 indicates the lowest 

emission rate among eight bus types. Ranking No. 8 indicates the highest emission rates among 

eight bus types. 

 

The rankings of fuels and powertrains on PKT-based emission rates differ by pollutants.  

For CO, emission rates are lowest for diesel and highest for CNG.  For THC, emission rates are 

lowest for diesel-hybrid and highest for CNG.  For PM, CNG buses have the lowest emission 

rates and diesel-hybrid buses have the highest.  For NOx and CO2, the rankings are dependent on 

bus size and fuel and powertrain.  For a given bus size, diesel buses with SCR have lower NOx 

emission rates than CNG buses.  However, a larger diesel bus has a higher NOx emission rate 

than a smaller CNG bus.  Diesel-hybrid buses have the highest NOx emission rates compared to 

CNG and diesel buses regardless of bus size.  For CO2, at a given bus size, CNG buses have the 

lowest emission rates due to lower carbon content for natural gas compared to diesel.  Diesel-

hybrid buses have lower CO2 emission rates than diesel buses because diesel-hybrid buses are 

more energy efficient than conventional diesel buses.  However, the rankings for CO2 emission 
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rates are also dependent on bus size.  A larger CNG bus has higher CO2 emission rate than a 

smaller diesel and diesel-hybrid bus. 

To evaluate if the comparison of emission-based bus choices is sensitive to passenger 

load, driving cycle, and model year, emission rates per pollutant were quantified and compared 

with varied passenger load, driving cycle, and model year, respectively.  As an example, Table 

2.3 shows variation in NOx emission rates per PKT with passenger load among eight bus types.  

The emission rates per PKT were estimated based on an average of 20 driving cycles for 2010 

model year buses.  As passenger load increases from 5 to full capacity, NOx emission rates per 

PKT decrease by 85%, 90%, and 94% for 9-, 12-, and 18-meter buses, respectively, regardless of 

fuel and powertrain.  The relative reduction in emission rates from adding a passenger is greater 

when a bus is less occupied.  Overall, the lowest PKT-based NOx emission rates are for an 18-

meter diesel bus carrying 110 passengers.  For a given fuel and powertrain, a large full bus has 

lower emission rates per PKT than a smaller full bus.  For example, an 18-meter diesel bus full 

with 110 passengers has 19% lower PKT-based average NOx emission rates than a 12-meter 

diesel bus full with 60 passengers, and 25% lower rates than a 9-meter diesel bus full with 40 

passengers.   

Details regarding the variations in PKT-based emission rates for other pollutants with 

varied passenger load among the eight bus types are shown in the Supplementary Materials.  For 

a given bus type, PKT-based emission rates for all pollutants decrease as passenger load 

increases.  For a given fuel and powertrain and passenger load, smaller buses have lower 

emission rates for all pollutants than larger buses.  However, there are interactions between bus 

size and fuel and powertrain.  A larger bus can have lower PKT-based emission rates than a  
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Table 2.3. Mean NOx emission rates per passenger-kilometer based on the average of 20 driving 

cycles for each bus type for a 2010 model year bus with varied passenger load. 

Bus Type 

Mean NOx Emission Rates per Passenger-Kilometer (mg/passenger-km) 

Passenger Load (#) 

5 10 20 30 40 50 60 70 80 90 100 110 

9 m CNG 55 28 15 10 8               

9 m diesel 49 25 13 9 7               

12 m CNG 73 37 19 13 10 9 7           

12 m diesel 67 34 18 12 9 8 7           

12 m hybrid 122 62 32 22 17 14 12           

18 m CNG 101 51 26 18 14 11 10 8 8 7 6 6 

18 m diesel 93 47 24 17 13 10 9 8 7 6 6 5 

18 m hybrid 169 86 44 30 23 19 16 14 13 11 11 10 

 

                                                        

5   22     38           71              120               169 

 

smaller bus depending on the fuel and powertrain, especially for CO and THC.  For example, for 

a 2010 model year bus, an 18-meter diesel bus carrying 40 passengers has 99% lower CO 

emission rates per PKT than a 9-meter CNG bus carrying 40 passengers based on an average of 

20 driving cycles. 

Variation in PKT-based emission rates with cycle average speed is illustrated in Table 2.4 

for NOx, based on 2010 model year buses with 40 passengers.  As cycle average speed increases 

from 6.0 to 68.3 km/hr, NOx emission rates decrease by 56% to 87% depending on the bus type.  

At cycle average speeds below 13 km/hr, a 9-meter CNG bus is generally the best choice in 

terms of the lowest NOx emission rate.  However, above 16 km/hr, a 9-meter diesel bus is the 

best choice for NOx.  SCR used on 2010 and newer model year buses tends to be more efficient 
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Table 2.4. NOx emission rates per passenger-kilometer with 20 cycle average speeds for each bus type for a 2010 model year bus with 

40 passengers. 

Bus Type 

NOx Emission Rates per Passenger-Kilometer (mg/passenger-km) 

Cycle Average Speed (km/hr) 

6.0 10.6 10.8 11.4 13.4 19.8 20.6 21.1 21.7 22.4 22.7 22.9 23.0 24.6 30.3 32.2 37.7 39.8 58.9 68.3 

9 m CNG 14 9 10 9 8 8 7 8 10 8 9 6 7 7 7 5 7 8 6 6 

9 m diesel 15 10 10 10 9 7 7 7 7 7 7 6 6 6 6 5 5 6 4 4 

12 m CNG 21 13 14 12 12 10 9 10 13 11 12 7 9 9 8 6 9 9 6 6 

12 m diesel 23 14 14 14 12 9 9 9 9 9 9 7 8 8 7 6 6 7 4 4 

12 m hybrid 41 26 26 25 22 17 16 17 17 16 17 14 15 15 12 11 11 12 8 7 

18 m CNG 31 19 20 17 16 14 13 13 17 14 16 10 11 11 11 7 11 11 7 7 

18 m diesel 33 20 20 19 17 12 12 12 13 11 12 10 11 10 8 7 8 8 5 4 

18 m hybrid 60 37 37 35 30 23 21 23 23 21 22 18 19 19 15 13 14 15 9 8 

 

                                                              

4     9     15           26                 43                 60 
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in reducing NOx emissions when the engine operates at higher load (Clark et al., 2012; Guo et 

al., 2014).  This finding is consistent with Xu et al. (2015) in that NOx emission rates were lower 

for CNG compared to diesel buses for low speed cycles, but for high speed cycles NOx emission 

rates were higher for CNG compared to diesel buses.   

The effect of bus size and passenger load on emission rates per vehicle-kilometer is larger 

for lower speed driving cycles.  For example, on a NYBC, 60-foot diesel buses carrying 40 

passengers have 124% higher NOx emission rates per vehicle-kilometer than 30-foot diesel 

buses carrying 40 passengers.  However, on a KCMC, the difference in NOx emission rates per 

vehicle-kilometer for 60-foot versus 30-foot diesel buses carrying 40 passengers is only 43% 

higher.  On a NYBC, 30-foot diesel buses carrying 40 passengers have 31% higher NOx 

emission rates per vehicle-kilometer than those carrying 1 passenger.  However, on a KCMC, the 

difference in NOx emission rates per vehicle-kilometer for 30-foot diesel buses carrying 40 

versus 1 passengers is only 11% higher. 

The emission-based comparison of bus types with driving cycles varies by model year.  

For 2007 model year buses with 40 passengers, a 9-meter CNG bus is the best choice for NOx 

regardless of driving cycle.  For cycle average speeds range from 6.0 to 68.3 km/hr, a 2007 

model year 9-meter CNG bus has 83% to 91% lower NOx emission rates than a 2007 model year 

9-meter diesel bus.  This is because in the 2007 model year, CNG buses equipped with 

stoichiometric engines with TWCs are more effective in lowering NOx emission rates than diesel 

buses equipped with EGR but without SCR (Nix et al., 2011).  Details regarding the variations in 

PKT-based emission rates for other pollutants, including CO2, CO, THC, and PM, with 

variations in cycle average speed among eight bus types are shown in the Supplementary 

Materials.  Emission rates for all pollutants generally decrease as cycle average speeds increase.  
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For CO2, CO, THC, and PM, the emission-based bus choice is not sensitive to cycle average 

speed.  For example, for a 2010 model year bus with 40 passengers, 9-meter CNG buses have the 

lowest PM emission rates for cycle average speeds ranging from 6.0 to 68.3 km/hr. 

The effect of variation in model year on PKT-based NOx emission rates is illustrated in 

Table 2.5 for 40 passengers and an average of 20 driving cycles.  For each bus type, NOx 

emission rates decrease as model year increases.  NOx emission rates decrease by 98% for CNG 

and diesel buses from 1990 to 2010, and by 88% for diesel-hybrid buses from 2004 to 2010.  

Because new emission control technologies such as EGR, OC, DFP, and SCR were introduced at 

various points in time, the emissions ranking varies with model year.  Details regarding the 

variations in PKT-based emission rates for other pollutants among model year groups and bus 

types are shown in the Supplementary Materials.  Emission rates typically decrease as model 

year group increases.  However, there is a drawback for CO emission rates for 2007 and newer 

versus 2006 and older model year CNG buses.  Stoichiometric CNG buses with TWCs were 

introduced in the U.S. bus fleet starting with the 2007 model year to meet the 2007 NOx emission 

standards (EPA, 2015a).  Prior to 2007, U.S. CNG buses had lean-burn engines.  CO emission 

rates are higher for stoichiometric engines with TWCs compared to lean-burn engines due to 

periodic open-loop engine operation (Hajbabaei et al., 2013; Yoon et al., 2013; Eriksson and 

Nielsen, 2014). 
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Table 2.5. Mean NOx emission rates per passenger-kilometer based on the average of 20 driving 

cycles for each bus type for a bus with 40 passengers and different model years. 

Bus Type 

Mean NOx Emission Rates per Passenger-Kilometer (mg/passenger-km) 

Model Year 

1990 1991 1994 1998 2004 2007 2010 

9 m CNG 356 298 248 294 129 10 8 

9 m diesel 291 286 383 258 170 90 7 

12 m CNG 464 388 323 384 168 12 10 

12 m diesel 382 375 504 338 223 119 9 

12 m hybrid         138 142 17 

18 m CNG 620 519 431 513 225 17 14 

18 m diesel 514 505 678 455 301 160 13 

18 m hybrid         186 191 23 

 

                                                        

7   74     141           275               477               678 

 

2.5 Conclusions 

Key factors affecting variability in transit bus emission rates, including bus size, fuel and 

powertrain, passenger load, driving cycle, and model year, were incorporated and evaluated in a 

systematic framework.  The importance of these factors varies depending on the pollutant.  In 

terms of emission rates per VKT, model year is an important factor for NOx and PM emission 

rates.  Fuel and powertrain is an important factor for CO and THC emission rates.  Driving cycle 

and bus size are important factors for CO2 emission rates.   

In terms of emission rates per PKT, passenger load is generally an important factor for 

each pollutant.  In addition, model year is important for emission rates per PKT for NOx and PM, 

and fuel and powertrain is important for emission rates per PKT for CO and THC.  Thus, to 

decrease emission rates for a specific pollutant, different factors and strategies should be taken 

into account.  For example, to reduce NOx and PM emissions, the replacement of old with new 

buses is more effective than transitions from conventional diesel to CNG buses. 
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There are tradeoffs in emission rates among bus types, especially for THC and PM.  For 

example, if a PM non-attainment or maintenance area aims to reduce PM emissions, transit fleet 

turnover from diesel to CNG buses would be helpful.  However, transit agencies should be aware 

that THC emissions would increase based on this transition, which could affect ground-level 

ozone concentration for that area and might also contribute to secondary organic aerosol 

formation. 

Transitions from diesel-powered buses to CNG buses can help reduce CO2 and PM 

emissions but can increase CO and THC emissions as a trade-off.  Increase in THC emissions 

may affect secondary organic aerosol formation and, thus, affect PM concentrations in the air.  In 

addition, CNG buses are more effective in reducing NOx emissions than diesel-powered buses, 

particularly for low speed bus routes (e.g., downtown areas). 

For a given fuel and powertrain and pollutant, smaller buses have lower VKT-based 

emission rates than larger buses.  However, a full large bus has lower PKT-based emission rates 

than a full small bus.  Additionally, the effect of bus size and passenger load is larger for lower 

speed driving cycles.  Thus, transit agencies should purchase and assign appropriately sized 

buses based on their ridership needs per trip and local route characteristics.   

The emission-based comparison among bus types varies by pollutant.  Based on 2010 and 

newer model year buses, 9-meter CNG buses have the lowest VKT-based emission rates for CO2 

and PM, 9-meter diesel buses have the lowest VKT-based emission rates for NOx and CO, and 

12-meter diesel hybrid buses have the lowest VKT-based emission rates for THC.   

There are interactions between bus size and fuel and powertrain.  For a given passenger 

load, driving cycle, and model year, a smaller CNG bus can have higher PKT-based CO and 

THC emission rates than a larger diesel bus.  In this case, transitioning from large convention 
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diesel to small CNG buses will lead to high CO and THC fleet emissions.  High THC emissions 

can affect localized and regional ground-level ozone concentrations and might also contribute to 

secondary organic aerosol formation. 

The comparison of bus types is dependent on interactions between driving cycle and 

model year for NOx for 2007 and newer model year buses that account for almost 60 percent of 

the current U.S. transit bus fleet.  This implies different choices of bus types depending on land 

use and route characteristics.  For example, for suburban areas, a bus is likely to operate on 

moderate or high speed driving cycles.  If so, a 2010 and newer model year diesel bus would be 

the best choice for the lowest NOx emission rates.  For downtown areas, a bus is likely to operate 

on low speed driving cycles.  If so, a 2010 and newer model year CNG bus would be the best 

choice for the lowest NOx emission rates.  However, in the 2007 to 2009 model year, a CNG bus 

is the best choice for NOx regardless of driving cycle.  This finding can help transit planners for 

bus fuels and powertrains arrangement in rural and urban areas to reduce NOx emissions and 

mitigate ground-level ozone concentrations especially for ozone non-attainment and maintenance 

areas. 

The empirically-calibrated emission factors in TBEM are different by -98% to +122% 

than those from MOVES depending on the bus size, fuel and powertrain, passenger load, model 

year, and pollutants.  Large differences imply that MOVES may not be accurate in estimating 

transit bus emissions and developing bus fleet emission inventories.  The more detailed approach 

used here, based on five key factors that affect variability in bus emission rates, leads to more 

accurate emission factors. 

The effect of engine stop-start technology on transit bus emission rates should be 

assessed and, if substantial, could be incorporated into emission factor estimation modeling.  PN 
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emission rates could be incorporated into TBEM in the future pending available of such 

empirical data for U.S. transit buses.  Additionally, TBEM could be calibrated for transit bus 

fleets in other countries based on representative chassis dynamometer data.  Real-world PEMS 

data can also be used to calibrate TBEM if the second-by-second speed trajectory data are 

reported for buses operating on actual roads and under actual traffic conditions. 

Overall, the importance of the key factors affecting variability in transit bus emission 

rates varies depending on the pollutant and, in some cases, interactions between these key factors 

affect comparisons.  For example, the effect of bus size and passenger load is larger for lower 

speed driving cycles.  The comparisons based on the interactions between factors can help transit 

agencies purchase appropriately sized buses and assign appropriate bus types based on local land 

use and route characteristics.  There are tradeoffs in emission rates among bus types.  Reducing 

emissions for one pollutant could lead to increase emissions for another pollutant.  Thus, transit 

planners should evaluate the overall emission impact among multiple pollutants for different 

decisions and strategies regarding bus procurement, assignment, and route management.  

Emission factors used in TBEM are based on empirical data accounting for key sources of 

variability in bus emission rates.  Therefore, emission factors estimated using TBEM can help 

improve the accuracy of bus emission inventories for localized and regional-level emission 

analysis for transit authorities.  TBEM was calibrated to driving cycles that include a wide range 

of real-world transit bus operations, such as in New York, Washington DC, Paris, and Mexico 

City, thus, it is widely applicable to estimate real-world bus tailpipe emission rates. 

Factors affecting bus emission rates should be taken into account when developing 

strategies to reduce emissions for transit bus fleets, such as replacement of old buses, transition 

of bus fleet from conventional diesel to alternative fuel and powertrains, and improvement of bus 
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fleet management and route assignment.  The methods and results will be useful in helping 

transit planners and policy makers to obtain accurate emission factors for use in bus life cycle 

inventories and to develop accurate transit bus emission inventories and, thus, contribute to 

regional air quality management. 
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CHAPTER 3:  SENSITIVITY OF LIGHT  DUTY VEHICLE TAILPIPE EMISSION 

RATES FROM SIMPLIFIE D PORTABLE EMISSION MEASUREMENT SYSTEMS TO 

VARIATION IN ENGINE VOLUMETRIC EFFICIENC Y 

This chapter is published as:  Wei, T.; Frey, H. C. Sensitivity of Light Duty Vehicle Tailpipe 

Emission Rates from Simplified Portable Emission Measurement Systems to Variation in Engine 

Volumetric Efficiency. Journal of the Air & Waste Management Association 2021, 71 (9), 1127ï

1147. 

3.1 Abstract 

Light-duty gasoline vehicle (LDGV) tailpipe emission rates can be quantified based on 

pollutant concentrations measured using portable emission measurement systems (PEMS).  

Emission rates depend on exhaust flow.  For simplified and micro-PEMS, exhaust flow is 

inferred from engine mass air flow (MAF) and air-to-fuel ratio.  For many LDGVs, MAF is 

broadcast via the on-board diagnostic (OBD) interface.  For some vehicles, only indirect 

indicators of MAF are broadcast.  In such cases, MAF can be estimated using the speed-density 

method (SDM).  The SDM requires an estimate of the engine volumetric efficiency (VE), which 

is the ratio of actual to theoretical MAF.  VE is affected by intra-vehicle variability in the engine 

load and inter-vehicle variability in engine characteristics (e.g., the type of valvetrain).  The 

suitability of SDM-based estimates of MAF in conjunction with simplified and micro-PEMS has 

not been adequately evaluated.  Therefore, the objectives are to:  (1) quantify VE accounting for 

intra- and inter-vehicle variability; and (2) evaluate the accuracy of SDM-based vehicle emission 

rate estimation approaches.  Seventy-seven naturally-aspirated LDGVs were measured using 

PEMS.  For each vehicle, VE was estimated using three approaches:  (1) constant VE calibrated 

to actual fuel use; (2) average estimates of VE for Vehicle Specific Power modes imputed from 
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OBD data; and (3) modeled VE using multilinear regression (MLR).  The MLR models were 

developed based on engine load and engine characteristics.  The best model was selected based 

on various statistical diagnostics.  When engines were under load, variability in VE was most 

sensitive to variations in engine load.  During idling, VE differed between engines depending on 

engine characteristics.  The constant and modeled VE estimation approaches enable the accurate 

estimation of microscale and mesoscale emission rates, with errors typically within ±10% 

compared to values imputed from OBD data.  Thus, accurate emission rates can be obtained 

from simplified and micro-PEMS. 

3.2 Introduction  

Light-duty gasoline vehicle (LDGV) tailpipe emission rates can be quantified based on 

real-world measurements using portable emission measurement systems (PEMS) (U.S. 

Environmental Protection Agency [EPA], 2002).  PEMS measurements are made under actual 

traffic and ambient conditions (Frey et al., 2003).  Because they are based on representative 

operating conditions, the emission measurements based on the PEMS have the potential to 

improve the accuracy of vehicle emission factors compared to those derived from laboratory-

based test methods (Kousoulidou et al., 2013).   

LDGVs dominate the on-road vehicle fleet in the U.S. and China, and the share of 

LDGVs in the European Union has increased in the last decade (Davis and Boundy, 2020; 

International Council on Clean Transportation, 2020).  In 2019, 252 million light-duty vehicles 

(LDVs) comprised 91% of the U.S. on-road vehicle fleet (Federal Highway Administration, 

2020).  About 98% of U.S. LDVs are LDGVs (EPA, 2021).  In China, the proportion of LDGVs 

to LDVs is similar to that in the U.S. (Davis and Boundy, 2020).  In the 2018 model year, 

naturally-aspirated LDGVs in the U.S. and China comprised about 70% of the new LDGV sales 
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(EPA, 2019; ResearchInChina, 2019).  Naturally-aspirated LDGVs are LDGVs that have 

naturally-aspirated engines.  Natural aspiration is a system of intake air delivery to the cylinders 

that depends only on atmospheric pressure and is not boosted through a turbocharger or 

supercharger (Heywood, 2018).  In the European Union, the share of LDGVs among the LDVs 

has increased from 43% to 64% between 2012 and 2019 (International Council on Clean 

Transportation, 2020).   

LDGVs generate tailpipe exhaust gas emissions such as carbon dioxide (CO2), carbon 

monoxide (CO), hydrocarbons (HC), and nitrogen oxides (NOx) (EPA, 2020).  Second-by-

second emission rates can be quantified based on PEMS measurements of tailpipe exhaust 

pollutant concentrations and separate quantification of exhaust flow rates (EFR) (Sandhu and 

Frey, 2013).   

PEMS are informally categorized as ñcompliantò, ñsimplifiedò, and ñmicroò (Frey, 2018).  

Compliant PEMS, such as Sensorsô SEMTECH-DS, meets the U.S. Code of Federal Regulations 

1065 requirements, and are used for in-use compliance testing (EPA, 2005; Sensors 

Incorporated, 2011).  Simplified PEMS and micro-PEMS are non-compliant PEMS that are 

widely used to measure representative vehicle emission factors and assess technologies and 

driving behavior; however, they are not used for regulatory certification testing (Frey et al., 

2010; Lozhkina and Lozhkin, 2016; Ropkins et al., 2017; Yang et al., 2018; Yuan et al., 2019; 

Fernandes et al., 2020; Khan et al., 2020; McCaffery et al., 2020; Vu et al., 2020).  For example, 

Khan et al. (2020) evaluated geospatial variation of LDGV emission rates measured from 

simplified PEMS.  McCaffery et al. (2020) evaluated the effect of gasoline particulate filters on 

gas direct injection (GDI) vehicle emission rates based on measurements with a simplified 

PEMS.  Yuan et al. (2019) used both simplified and micro-PEMS to quantify LDGV emission 



 

 

78 

rates for different gasoline-ethanol blends.  Fernandes et al. (2020) evaluated the effect of driving 

aggressiveness on hybrid-electric vehicle emission rates based on measurements with a micro-

PEMS.  This work focuses on evaluating the accuracy of tailpipe emission rate estimates in non-

regulatory measurements that are useful for developing representative emission factors. 

A key difference between compliant versus non-compliant PEMS is the approach used to 

quantify EFR.  For compliant PEMS, EFR is directly measured using an exhaust flow meter 

(EFM) (Vu et al., 2020).  However, a compliant PEMS with an EFM is typically more expensive 

than either a simplified or micro-PEMS.  Additionally, a compliant PEMS is typically heavier; 

this can increase the time and complexity for instrument installation (Sandhu and Frey, 2013). 

Simplified and micro-PEMS differ in size and weight.  Simplified PEMS, introduced 

around 2000, are illustrated by the GlobalMRV OEM-2100AX Axion, which is the size of a 

carry-on suitcase and weighs 35 lbs (Frey et al., 2003; GlobalMRV, 2008).  Micro-PEMS have 

emerged since 2017, illustrated by the 3DATX ParSYNC, which is no larger than 15 inches on 

any side and weighs only 7 lbs (Miller, 2018; 3DATX Corporation, 2018).   

The simplified and micro-PEMS do not measure EFR.  EFR can be estimated based on 

engine mass air flow (MAF) rate and air-to-fuel ratio.  For many LDGVs, the MAF can be 

logged via the vehicle on-board diagnostic (OBD) interface (Khan and Frey, 2018).  Air-to-fuel 

ratio can be estimated from exhaust gas concentrations measured with a PEMS (Sandhu and 

Frey, 2013; Vu et al., 2020).   

Using generic OBD-II scan tools, MAF is frequently not available under a standard 

parameter identifier.  For example, MAF was not recorded for 33% of over 200 LDGVs 

measured by NC State University using a generic OBD scan tool, inclusive of the range of 1997 

to 2019 model years of the vehicle sample (Khan et al., 2020; Wei and Frey, 2020).  The 
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proportion of measured vehicles for which MAF was not recorded was similar for U.S. and non-

U.S. manufacturers, at 34% and 32%, respectively.   

For LDGVs for which MAF is not reported from the OBD, MAF can be estimated using 

the speed-density method (SDM) (Bolt, 1947; Vojt²ġek-Lom and Cobb, 1997).  The SDM is 

based on the ideal gas law; it accounts for engine revolutions per minute (RPM), manifold 

absolute pressure (MAP), intake air temperature (IAT), volumetric efficiency (VE), engine 

displacement, and compression ratio.   

VE is the ratio of actual intake to the theoretical MAF (Heywood, 2018).  VE indicates 

the effectiveness of the air intake system of an engine.  Pressure drops and frictional losses in the 

intake system restrict intake airflow into each cylinder.  Heat transfer and the amount of residual 

gases remaining in the cylinder can also affect VE (Wakabayashi et al., 1982; Heywood, 2018).  

These factors lead to actual MAF being typically less than the theoretical MAF of a naturally-

aspirated engine.  Moreover, VE is affected by variability in engine load and variability in engine 

characteristics such as engine cylinder displacement (CD), compression ratio (CR), volume rated 

horsepower (VHP), type of fuel injection (FI), valves per cylinder (VPC), variable valve timing 

(VVT), and valvetrain type (VT) (Wakabayashi et al., 1982; Matsumoto and Ohata, 1986; 

Pulkrabek, 2003; Hong et al., 2004; Turner et al., 2004; Chen et al., 2011; Gumus, 2011; 

Heywood, 2018).  Variability in engine load and engine characteristics is referred to here as 

intra- and inter-vehicle variability, respectively. 

VE is typically proprietary and not reported for a given engine model.  VE has typically 

been assumed or estimated for use in the SDM as a basis for quantifying MAF and, 

subsequently, tailpipe emission rates (Servati and DeLosh, 1986; Vojt²ġek-Lom and Cobb, 1997; 

Sandhu and Frey, 2013; Vojt²ġek-Lom and Kotek, 2014; Hassani Monir et al., 2015; Khan and 
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Frey, 2018; Fernandes et al., 2020).  For example, Vojt²ġek-Lom and Kotek (2014) assumed VE 

as a constant (0.95), regardless of intra- and inter-vehicle variability, to estimate MAF based on 

the SDM for four measured vehicles.  Khan and Frey (2018) estimated VE as a constant, 

regardless of engine load, separately for each of 50 LDGVs measured with simplified PEMS.  

VE was calibrated based on the actual fuel use of each vehicle.  However, intra-vehicle 

variability in VE was not quantified.  Use of a constant VE for a given vehicle, irrespective of 

load, may lead to errors in the estimation of MAF under varying engine loads.  Errors in 

estimates of MAF lead to errors in EFR estimates and, thus, in tailpipe emission rates.  However, 

the magnitude of such errors in emission rate estimates has not been quantified.   

Although in some cases intra-vehicle variability VE was estimated or inferred for a 

specific vehicle (or engine) (Servati and DeLosh, 1986; Vojt²ġek-Lom and Cobb, 1997; Hassani 

Monir et al., 2015; Fernandes et al., 2020), inter-vehicle variability was not quantified.  For 

example, Fernandes et al. (2020) used VE inferred from the OBD to quantify SDM-based 

emission rates for a LDGV measured with a micro-PEMS.  Intra- and inter-vehicle variability in 

VE has not simultaneously been quantified with respect to engine load and engine characteristics 

in the context of estimating emission rates based on PEMS.  Thus, the suitability of SDM-based 

estimates of MAF in conjunction with simplified and micro-PEMS has not been adequately 

evaluated.  Hence, a framework is needed for inferring VE accounting for both intra- and inter-

vehicle variability to support use of simplified PEMS and micro-PEMS.   

The objectives here are to:  (1) quantify VE accounting for intra- and inter-vehicle 

variability; and (2) evaluate the accuracy of SDM-based vehicle emission rates to alternative 

approaches for estimating VE.  Accurate quantification of SDM-based emission rates enables 
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widespread use of simplified and micro-PEMS, including non-regulatory and policy-relevant 

applications such as technology assessments, trends analysis, and emissions inventories. 

3.3 Methods 

The objectives are addressed based on real-world vehicle tailpipe emission measurements 

using simplified PEMS.  Intra-vehicle variability in VE was quantified for each measured 

vehicle, and variability in VE was quantified between vehicles.  Methods include:  (1) selection 

of data; (2) quantification of intra- and inter-vehicle variability in VE; (3) development of 

models that account for intra- and inter-vehicle variability in VE; and (4) comparison of emission 

rate estimates among alternative approaches for estimating VE.  The Supplementary Materials 

(SM) detail factors affecting variability in VE (Section B.1) and the step-by-step procedure to 

formulate and evaluate the VE models (Section B.2). 

3.3.1 Data selection 

The study design for the real-world measurements of vehicle tailpipe exhaust emissions 

includes vehicle selection, selection of routes, instrumentation, data quality assurance, and data 

analysis (Frey et al., 2008; Sandhu and Frey, 2013; Yazdani Boroujeni and Frey, 2014; Vu et al., 

2020; Wei and Frey, 2020).  Since 2008, NC State University has used simplified PEMS to 

measure LDGVs on designated real-world routes (Frey et al., 2008; Liu and Frey, 2015; Khan 

and Frey, 2018; Wei and Frey, 2020).  To evaluate the accuracy of MAF estimates based on the 

SDM, such estimates need to be compared to MAF reported from the OBD.  For vehicles that 

broadcast MAF, RPM, MAP, and IAT from the OBD via generic parameter identifiers, MAF 

estimated based on the SDM can be compared with OBD-reported MAF.  There are 77 such 

naturally-aspirated vehicles in the available vehicle sample.  This sample includes variability in 
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model year, engine displacement, engine rated horsepower, CR, FI, VPC, VVT, and VT that 

cause inter-vehicle variability in VE. 

To obtain engine characteristic data, the Vehicle Identification Number (VIN) was 

recorded and a photo of engine compartment label was taken for each measured vehicle.  The 

VIN was decoded from the Search Quarry website (Search Quarry, 2021).  Engine 

characteristics, such as engine displacement, number of cylinders, VPC, and VT, were obtained 

from the VIN decode report.  FI was obtained from the engine compartment label that is 

typically located on the underside of the hood of the engine compartment.  Other engine 

characteristic data, such as rated horsepower, CR, and VVT, were obtained from alternative 

online resources for automotive information (e.g., the Cars website) based on the vehicle model 

year, make, model, and trim level (Cars, 2021). 

Vehicles were previously measured on four designated real-world routes in Raleigh, NC 

(Routes A, C, 1, and 3) that have a combined cumulative distance of 110 miles (Frey et al., 

2008).  The real-world routes include a wide range of posted speed limits varying from 25 mph 

to 70 mph.  The routes include various road types such as arterials, interstates, and ramps and 

road grade ranging within ±10%.  Variations in speed, acceleration, and road grade lead to intra-

vehicle variability in engine load (Frey et al., 2010; Hu et al., 2016). 

Each vehicle was instrumented with a simplified PEMS (e.g., OEM-2100AX Axion), a 

generic OBD scan tool, and Global Positioning System (GPS) receivers (GlobalMRV, 2008).  

The PEMS measured CO2, CO, and HC concentrations using nondispersive infrared (NDIR) 

analyzers, and measured nitric oxide (NO) and oxygen (O2) concentrations using electrochemical 

analyzers.  The non-compliant PEMS accurately measured CO2, CO, and NO concentrations 

within ±5% (Vu et al., 2020).  HC concentrations were used to provide relative comparisons 
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because NDIR responds to variations in HC for straight-chain alkanes but partially responds for 

other HC species (Stephens et al., 1996; Singer et al., 1998).  NO was used as a surrogate for 

NOx emissions because LDGV NO emissions account for 95% of NOx emissions (Wild et al., 

2017).  Evaluation and validation of  simplified PEMS are discussed in more detail elsewhere 

(Myers et al., 2003; Yang et al., 2018; Vu et al., 2020). 

Vehicle and engine activity affect vehicle emission rates (Jackson et al., 2006; Barth and 

Boriboonsomsin, 2009; Sentoff et al., 2015).  An OBD scan tool was used to record the second-

by-second vehicle activity data, such as vehicle speed, and engine activity data (MAF, RPM, 

MAP, and IAT).  MAF is typically measured using a hot wire airflow meter, which is located in 

the engine air intake passage.  The hot wire airflow meter accurately quantifies MAF typically 

within ±5% (Zhao and Wang, 2014). 

Road grade affects engine load and, thus, affects VE (Pierson et al., 1996; Cicero-

Fernândez et al., 1997; Zhang and Frey, 2006).  GPS receivers equipped with barometric 

altimeters were used to record real-time GPS coordinates and elevations.  Road grade was 

quantified based on the changes in the elevation versus the distance traveled for each 0.1-mile 

road segment, based on Yazdani Boroujeni and Frey (2014). 

For each vehicle, the measured second-by-second data from PEMS, OBD, and GPS 

receivers were synchronized.  The measured data were quality assured based on Sandhu and Frey 

(2013).  For each vehicle, the erroneous data generally accounted for less than 5% of the raw 

data and were either corrected or removed.  The most frequent errors were negative HC 

concentrations or air-to-fuel ratios that were out of range. 

For each vehicle, second-by-second pollutant emission rates were estimated based on the 

measured exhaust pollutant concentrations and estimated EFR.  The EFR was estimated based on 
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the air-to-fuel ratio inferred from PEMS measurements and MAF, which was reported from the 

OBD interface or was estimated based on the SDM (Sandhu and Frey, 2013).   

3.3.2 Quantification of intra - and inter-vehicle variability in volumetric efficiency 

Three approaches were used to infer VE for each vehicle:  (1) constant VE; (2) 

empirically deduced VE; and (3) modeled VE.  The constant and empirical VE approaches are 

described here.  The modeled VE approach is described in the next section. 

On a second-by-second basis, VE is estimated based on MAF, RPM, MAP, IAT, and 

engine characteristics, including engine displacement, CR, and number of strokes (Bolt, 1947; 

Vojt²ġek-Lom and Cobb, 1997; Sandhu and Frey, 2013): 
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where, 

BP = barometric pressure (kPa), typically 101 kPa; 

CR = engine compression ratio; 

D = engine displacement (L); 

IAT = intake air temperature (°C); 

MAP = manifold absolute pressure (kPa); 

MAF = mass air flow rate (g/s); 

MWair = average molecular weight of air (g/mole), typically 29.0 g/mole; 

N = number of engine revolutions per air intake cycle:  N = 2 for a four-stroke engine  

for a typical LDGV; 

R = universal gas constant (8.314 J/mole/K); 

RPM = engine revolutions per minute (rpm); 
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VE = volumetric efficiency. 

In the constant approach, VE is estimated to be constant, irrespective of the engine load.  

For each vehicle, VE was estimated so that the sum of the second-by-second estimated fuel use 

matched the actual fuel use.  The actual fuel use for each vehicle was inferred by filling  the fuel 

tank before and after the measurement was taken; this was done using the same fuel pump of the 

same fuel station.  The second-by-second fuel use rate was estimated based on the carbon flow 

rate, which depends on the MAF and air-to-fuel ratio (Sandhu and Frey, 2013). 

In reality, VE varies with engine load.  VE decreases from low to medium engine loads 

and increases from medium to high engine loads (Gumus, 2011; Heywood, 2018).  Engines 

typically operate at low engine speeds at low loads.  Lower engine speeds have a lower intake air 

velocity and, thus, a lower intake air pressure drop.  Therefore, VE is high at low engine loads 

and tends to decrease as load increases from low to moderate.  When engine load increases 

above moderate load, the inertia of the air in the intake system increases the intake air port 

pressure, which reduces the pressure drop.  At high load, the momentum of the intake air will 

carry proportionally more air into the cylinder, even while the intake valve closes.  This effect 

becomes more pronounced as the engine load increases.  Thus, VE tends to increase as the load 

increases from moderate to high. 

Engine load is well-quantified by the product of RPM and MAP (PR×M) (Frey et al., 2010; 

Fernandes et al., 2019).  Vehicle Specific Power (VSP) is an indicator of the vehicle tractive 

power demand and has been used as the basis for modal models to predict vehicle emission rates 

(Jiménez-Palacios, 1999; Frey et al., 2002; EPA, 2020; Wei and Frey, 2020).  For example, the 

14-mode VSP modal model developed by Frey et al.  (2002) includes 2 modes (Modes 1 and 2) 

that represent deceleration and braking, a mode (Mode 3) that represents idling, and 11 modes 
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(Modes 4 to 14) that include increasing the positive VSP that represents cruising or accelerating.  

For a given vehicle, PR×M is highly correlated with positive VSP, with a correlation coefficient of 

over 0.95.  The PR×M is positive and typically has a range that spans an order of magnitude.  

Moreover, the distribution of PR×M is positively skewed (Hu et al., 2016).  Thus, to distribute the 

PR×M symmetrically, a log transformation of PR×M was made.  The logarithm of PR×M (log PR×M) 

is used to indicate engine load. 

VSP is quantified based on the speed and acceleration of the vehicle and road grade.  

VSP accounts for changes in kinetic and potential energy, rolling resistance, and aerodynamic 

drag.  For a typical LDGV, VSP is estimated as (Jiménez-Palacios, 1999): 
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where, 

a = vehicle acceleration (m/s2); 

r = road grade (%); 

V = vehicle speed (m/s); 

VSP = vehicle specific power (kW/ton). 

The definition of VSP modes based on the range of VSP is given later in Table 3.2. 

In the empirical approach, VE was estimated based on the SDM for each VSP mode for 

each vehicle.  For each vehicle in each VSP mode, VE was calibrated so that the sum of the 

second-by-second estimated MAF, based on the SDM, matched the sum of the second-by-second 

OBD-reported MAF.  To evaluate inter-vehicle variability in VE, VE in each VSP mode for the 

selected 77 vehicles was estimated. 
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3.3.3 Development of models that account for intra- and inter-vehicle variability in 

volumetric efficiency 

VE is affected by intra-vehicle variability in engine load.  For each vehicle, the VSP 

modal-average log PR×M was estimated to represent engine load in each VSP mode, which 

characterizes intra-vehicle variability. 

VE is also affected by inter-vehicle variability in engine characteristics, such as VHP, FI, 

VPC, VVT, VT, CD, and CR (Pulkrabek, 2003; Hong et al., 2004; Turner et al., 2004; Chen et 

al., 2011; Heywood, 2018).  VE tends to be higher for engines with larger VHP (Pulkrabek, 

2003).  FI includes port fuel injection (PFI) and GDI for the current U.S. LDGV fleet (EPA, 

2021).  GDI engines tend to have higher VE than PFI engines (Chen et al., 2011).  An engine 

with more VPC tends to have higher VE (Heywood, 2018).  VVT is a process of changing the 

timing of valve opening and closing.  Engines that have VVT have a higher VE than engines that 

do not (Hong et al., 2004).  An engine valvetrain is a mechanical system that controls the 

operation of cylinder valves.  VTs include overhead valves (OHV), single overhead camshafts 

(SOHC), and dual overhead camshafts (DOHC).  VE tends to increase from OHV to SOHC and 

from SOHC to DOHC (Turner et al., 2004).  VE is affected by a derived term based on Cylinder 

Displacement and Compression Ratio (CDCR).  CDCR is the reciprocal of CD minus the 

reciprocal of the product of CD and CR, or .  Larger CDCR indicates an engine 

with smaller CD and higher CR.  VE is larger for smaller CD and for higher CR; thus, VE tends 

to increase as CDCR increases (Pulkrabek, 2003; Heywood, 2018).  Details about the physics 

that explain these trends are described in Section B.1 in Appendix B. 

The procedure to formulate and evaluate models for inferring variability in VE is based 

on quantification of intra- and inter-vehicle variability .  The procedure includes:  (1) evaluation 
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of correlations among potential explanatory variables; (2) evaluation of potential interactions 

between explanatory variables; (3) development of multilinear regression (MLR) models for VE 

estimation; (4) statistical diagnostics of MLR models; and (5) selection of a final model, 

including bias assessment.  The response variable, which is based on the empirical approach, is 

VSP modal-average VE for each vehicle for 14 VSP modes and 77 vehicles.  For each vehicle in 

each VSP mode, the modal-average VE was estimated based on the modal average of the MAF, 

RPM, MAP, and IAT according to Equation (1).  The potential explanatory variables include 

intra-vehicle variability in modal-average log PR×M and inter-vehicle variability in VHP, FI, 

VPC, VVT, VT, and CDCR.  VSP modal-average log PR×M, VHP, and CDCR are continuous 

variables, VPC is a discrete variable (including VPC=2 and VPC=4), and FI, VVT, and VT are 

categorical variables.  FI=0 indicates PFI, and FI=1 indicates GDI.  VVT=0 indicates the absence 

of VVT.  VVT=1 indicates the presence of VVT.  VT=0, 1, and 2 indicate OHV, SOHC, and 

DOHC, respectively, based on the assumption that the incremental difference in VE is equal in 

magnitude.  This assumption is verified in Section B.3.1 and the result is shown in Table B.18 in 

Appendix B. 

3.3.3.1 Evaluation of correlations among potential explanatory variables 

A high degree of correlations among model explanatory variables (MEVs) can generate 

bias when developing a model (Mela and Kopalle, 2002).  Thus, evaluation of correlations is 

needed to quantify the dependencies between potential MEVs and inform the selection of MEVs 

to be included in a model.  The Spearman correlation coefficients (Spearman, 1904) and Pearson 

correlation coefficients (Pearson, 1920) were used to quantify the monotonic and linear 

relationships, respectively, between potential MEVs.  The criterion to select MEVs, based on 

Spearman and Pearson correlation coefficients, was:  if two or more potential MEVs are highly 
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correlated with correlation coefficients > 0.50, only one of the potential MEVs was selected 

(Statistics Solutions, 2020).  However, as explained later, some alternative models having highly 

correlated MEVs were considered, for which the effect of such correlations was assessed using 

variance inflation factor (VIF). 

3.3.3.2 Evaluation of potential interactions between explanatory variables 

In addition to the main effects of the MEVs, interactions between the MEVs might help 

explain the variability in the response variable.  For example, for VVT engines at higher engine 

loads, the intake and exhaust valves are controlled to be kept open for a larger percentage of time 

per cycle to increase air intake and exhaust flow (Heywood, 2018).  Because the MEVs include 

categorical, discrete, and continuous variables, an analysis of covariance (ANCOVA) was used 

to evaluate the significance of the main and interaction effects (Tabachnick and Fidell, 2019).  

The criteria to select the main and interaction effects, based on ANCOVA results, for inclusion 

in MLR analyses were: 

¶ All main effect MEVs regardless of statistical significance because they physically 

affect variability in VE;  

¶ Statistically significant interactions (p-value Ò 0.05) or suggestively significant 

interactions (0.05 < p-value Ò 0.20) (Gelman, 2013). 

3.3.3.3 Development of multilinear regression models for volumetric efficiency estimation 

MLR was fit to potential MEVs to quantify the trends in VE.  Multiple MLRs were 

evaluated to assess the impact of including or excluding various potential MEVs on the model 

performance.  For each MLR, parameters and statistics were estimated for each MEV, including 

coefficients, t-statistics, and p-values.  MEVs were included in a model if their coefficients were 
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statistically significant (p-value Ò 0.05) or suggestively significant (0.05 < p-value Ò 0.20) 

(Gelman, 2013). 

In addition, stepwise regression, with forward selection and backward elimination, was 

used to develop some of the alternative models (Devore, 2015).  Stepwise regression with 

forward selection started with no MEVs, tested and added MEVs based on whether the p-values 

of their coefficients were significant or suggestive, and repeated this process until no additional 

MEV could be added.  Stepwise regression with backward elimination started with all potential 

main and interaction effects of the MEVs, tested and deleted MEVs based on whether the p-

values of their coefficients were insignificant or not suggestive, and repeated this process until 

no further MEV could be deleted.  The cutoff of p-values for adding or deleting MEVs was 0.05 

at the statistical significance level and 0.20 at the suggestive level (Gelman, 2013).  

3.3.3.4 Statistical diagnostics of the volumetric efficiency models 

Statistical diagnostics used to evaluate candidate models include VIF for each main 

effect, Akaike information criterion (AIC), coefficients of determination (R2), and adjusted R2.  

VIF is used to quantify the severity of collinearity for an MEV (James et al., 2013).  VIF larger 

than 3 is used to indicate high collinearity (Sheather, 2009).  VIF was not estimated for 

interaction effects because interaction effects affect VIF (Allison, 2012).  AIC is an estimator of 

out-of-sample prediction error for a given model (Akaike, 1998).  Among alternative models, the 

model with the smallest AIC is typically preferred.  R2 is the proportion of the variability in the 

response variable that is explained by the model (Wright, 1921).  The adjusted R2 is adjusted 

downward from R2 based on the number of MEVs in the model (Theil, 1961).   
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3.3.3.5 Model bias assessment 

The preferred model was evaluated to assess bias based on three aspects, including:  (1) 

slope and intercept of a parity plot; (2) normality of the distribution of residuals; and (3) 

independence of residuals from MEVs.  Linear least squares regression (LLSR) was used to 

compare empirical and model predicted VE based on data for 14 VSP modes and 77 vehicles.  If 

the slope and intercept from the LLSR is one and zero, respectively, no bias-correction is needed.  

Additionally, if the model residuals are normally distributed, symmetric at zero, and independent 

of the MEVs, the preferred model is deemed to be unbiased and selected as the final model. 

3.3.4 Comparison of emission rate estimates among approaches for estimating volumetric 

efficiency 

In the modeled approach, VE for each vehicle in each VSP mode was estimated based on 

the final model accounting for intra- and inter-vehicle variability.  Vehicle emission rates are 

affected, in part, by emission standards (EPA, 2016).  The selected 77 vehicles include vehicles 

certified to Tier 1, Tier 2, and Tier 3 U.S. Environmental Protection Agency emission standards 

and four California standards.  VE varies among emission standards because engine technologies 

(e.g., FI, VPC, VVT, VT) have typically improved as these standards have become more 

stringent (EPA, 2021).  The vehicles were grouped based on emission standards and the most 

sensitive source of inter-vehicle variations inferred from the final VE model.  Each vehicle group 

had at least five measured vehicles.  In addition, all 77 vehicles were treated as a group. 

Vehicle emission rates can be reported on a microscale time basis as well as on a 

mesoscale driving cycle basis (Frey, 2018).  Microscale time-based emission rates were 

quantified as the mass of pollutant emitted per second for a given vehicle and VSP mode 

(National Research Council, 2000; EPA, 2001): 
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where, 

MRv,M,p,i = VSP modal emission rates (g/s) for vehicle v, VSP mode M, pollutant p,  

and VE approach i; 

ERv,M,p,t,i = second-by-second emission rates (g/s) for vehicle v, VSP mode M,  

pollutant p, time t, and VE approach i; 

tv,M  = time duration for vehicle v in VSP mode M (s); 

i  = VE approach, including constant, empirical, and modeled approaches; 

M  = VSP mode, M=1-14; 

p  = pollutant, including CO2, CO, HC, and NOx; 

t  = second-by-second time; 

v  = vehicle.   

To evaluate the sensitivity of microscale time-based modal emission rate estimates to the 

VE estimation approach, VSP modal rates were estimated and compared for the three VE 

estimation approaches, based on an average vehicle in each vehicle group. 

Mesoscale cycle-average emission rates (CAERs) were quantified as the mass of 

pollutant emitted per mile for a given driving cycle (National Research Council, 2000; EPA, 

2001).  CAERs for a given vehicle and driving cycle were estimated by weighting the VSP 

modal rates by the fraction of time spent in each mode for a given cycle: 

#!%2ȟȟȟ
σφππВ -2ȟȟȟ &ȟ

3
                                                                                     τ 

where, 

CAERv,c,p,i = cycle-average emission rates (g/mile) for vehicle v, driving cycle c,  
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pollutant p, and VE approach i; 

FM,c  = fraction of time spent in VSP mode M for driving cycle c (fraction); 

Sc  = cycle-average speed for driving cycle c (mph); 

c  = driving cycle.   

To evaluate the sensitivity of mesoscale distance-based CAER estimates to the VE 

estimation approach, CAERs were estimated and compared for the three VE estimation 

approaches, based on an average vehicle in each vehicle group. 

Fourteen driving cycles that vary in VSP distribution, including five real-world driving 

cycles and nine standard driving cycles, were used to compare the VE estimation approaches.  

The five real-word driving cycles include an average cycle for each route (A, C, 1, and 3) and an 

additional driving cycle that represents real-world aggressive driving (Route 1*).  The standard 

driving cycles include:  (1) the Federal Test Procedure (FTP), Highway Fuel Economy Test 

(HFET), US06, and SC03 used for emission certification testing (EPA, 2015); (2) the Los 

Angeles 92 (LA92) cycle used with California emission standards (DieselNet, 2017); (3) the 

New European Driving Cycle (NEDC), Worldwide harmonized Light vehicles Test Cycle 

(WLTC), and standardized Random Test 95 aggressive (RTS95) cycle that have been or are 

currently used in Europe (DieselNet, 2013, 2016, 2019); and (4) the China Light-duty vehicle 

Test Cycle - Passenger car (CLTC-P) (Sun et al., 2020). 

The empirical approach was used as the baseline to quantify the percentage difference in 

modal or cycle-average rates versus constant and modeled approaches.  Paired t-tests were used 

to evaluate if such differences are statistically significant (Cressie and Whitford, 1986).  A p-

value was estimated for each paired t-test.  Percentage differences with p-values Ò 0.05 were 

statistically significant.  Additionally, differences within ±5% were judged to be insubstantial, 
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given uncertainties inherent in emission rates that are based on real-world measurements with 

simplified PEMS (Sandhu and Frey, 2013). 

3.4 Results 

There are 77 vehicles, 14 VSP modes, 14 driving cycles, and three VE estimation 

approaches.  For each vehicle, modal emission rates were estimated for each VSP mode based on 

each VE approach, and CAERs were estimated for each driving cycle based on each VE 

approach.  Results include:  (1) overview of selected vehicles and driving cycles; (2) VE models; 

(3) comparison of modal rates among VE approaches; (4) comparison of cycle-average rates 

among VE approaches; and (5) sensitivity of comparisons to vehicle groups.  The SM includes 

results regarding formulation and evaluation of MLR models for VE estimation (Section B.2), 

sensitivity analyses of VE versus engine load with respect to each MEV (Section B.3), and 

comparison of VSP modal emission rates and CAERs for VE estimation approaches for each 

vehicle group (Section B.4). 

3.4.1 Overview of selected vehicles and driving cycles 

Figure 3.1 shows the distributions of vehicle and engine characteristics for the selected 77 

LDGVs.  The vehicle sample covers a wide range of vehicle and engine characteristics.  

The selected driving cycles are shown in Figure 3.2 with respect to the distribution of 

time spent in each VSP mode.  The selected cycles cover average speeds ranging from 18 mph to 

59 mph and have substantial variability in the distributions of the VSP.  Among the five real-

world cycles in Figure 3.2(a), cycles A, C, and 3 have more time at low VSP, in Modes 1ï3, 

compared to cycles 1 and 1*.  Conversely, cycles 1 and 1* have higher fractions of time spent at  
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(a) Model Year     (b) Engine Displacement 

 
(c) Engine Rated Horsepower   (d) Compression Ratio 

 
(e) Type of Fuel Injection   (f) Number of Valves per Cylinder 

 
(g) Variable Valve Timing (VVT)  (h) Valvetrain Types 

Figure 3.1. Distributions of vehicle and engine characteristics for 77 selected light duty gasoline 

vehicles: (a) model year; (b) engine displacement; (c) engine rated horsepower; (d) compression 

ratio; (e) type of fuel injection; (f) number of valves per cylinder; (g) variable valve timing; and 

(h) valvetrain types. GDI: Gas Direct Injection; PFI: Port Fuel Injection; VVT: Variable Valve 

Timing; OHV: Over-Head Valves; SOHC: Single Over-Head Camshafts; DOHC: Dual Over-

Head Camshafts. All vehicles have three-way catalysts. 
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(a) Real-World Cycles 

 
(b) Standard Cycles for U.S. and California Emission Certification 

 
(c) Standard Cycles Used in China and European Union 

Figure 3.2. Fraction of time in each Vehicle Specific Power (VSP) mode for: (a) five real-world 

cycles (i.e., Routes A, C, 3, 1, and 1*); (b) five standard cycles for U.S. and California emission 

certification (i.e., Federal Test Procedure [FTP], SC03, Los Angeles 92 [LA92], US06, and 

Highway Fuel Economy Test [HFET]); and (c) four standard cycles used in China and European 

Union (i.e., China Light-duty vehicle Test Cycle - Passenger car [CLTC-P], New European 

Driving Cycle [NEDC], Worldwide harmonized Light vehicles Test Cycle [WLTC], and 

standardized Random Test 95 aggressive [RTS95]). Cycle-average speed is indicated for each 

cycle. 
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high VSP, in Modes 10ï14, compared to cycles A, C, and 3.  Cycle 1* has the highest cycle-

average speed and largest fraction of time spent in VSP Modes 13 and 14, indicating aggressive 

driving. 

Among the standard U.S. cycles [Figure 3.2(b)], the US06 cycle has a substantially 

higher fraction of time spent in high VSP modes (Modes 10ï14).  The VSP time fraction 

distribution for the FTP is similar to that of real-world cycle A (Khan and Frey, 2016).  Although 

the HFET has a slightly higher cycle-average speed than the US06 cycle, the fraction of time 

spent in Modes 10ï14 for the HFET is much lower.  Thus, cycles with similar average speeds 

can have large differences in the distribution of power demand. 

Among the four standard cycles used in China and European Union [Figure 3.2(c)], the 

RTS95 cycle has a higher fraction of time spent in high VSP modes.  CLTC-P has the lowest 

cycle-average speed and the highest proportion of time (59%) spent in Modes 1ï3. 

3.4.2 Volumetric efficiency model 

To illustrate the trends in VE with respect to engine load, Figure 3.3(a) shows the VSP 

modal-average VE versus the modal-average log PR×M.  The VSP modal-average VEs were 

estimated for all 14 modes of 68 vehicles and for 13 modes of 9 vehicles.  For the latter vehicles, 

there were no Mode 14 data.  The mean trend in VE is approximately parabolic with respect to 

log PR×M.  However, there is a cluster of data, with modal VE ranging from 0.60 to 0.93 and log 

PR×M ranging from 4.39 to 4.62, that can affect a parabolic curve fit, particularly for low VE 

under low load.  This cluster is from VSP Mode 3.  The Mode 3 data were separated from the 

rest of the data, as indicated in Figure 3.3(b) and 3(c).  Models were developed separately for 

these two data sets. 
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(a) Data in All VSP Modes   (b) Data in Non-idle VSP Modes 

 
(c) Data in the Idle VSP Mode 

Figure 3.3. Empirical Vehicle Specific Power (VSP) modal volumetric efficiency (VE) versus 

VSP modal-average of the logarithm of the product of RPM and MAP [log (RPM×MAP)] for: 

(a) data points including all 14 VSP modes; (b) data points including 13 non-idle VSP modes 

(the second order polynomial regression is used to fit the data); and (c) data points in the idle 

VSP mode (the linear least squares regression is used to fit the data), of the 77 naturally aspirated 

light duty gasoline vehicles. N indicates number of vehicles, n indicates number of data points. 

RPM: Revolutions Per Minute; MAP: Manifold Absolute Pressure. 

 

The typical trend in the non-idle data of Figure 3.3(b) is described by a second order 

polynomial.  The trend of decrease and then increase in VSP versus engine load is consistent 

with the expected trend (Gumus, 2011; Heywood, 2018).  The statistical diagnostics for this 

simple model are shown in Table 3.1(a) for non-idle model (NM)-2.  The R2 of NM-2 indicates 
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that 77% of the variability in VE can be explained by a quadratic function of engine load, which 

accounts for intra-vehicle variability. 

Figure 3.3(c) shows the VSP modal-average VE versus the modal-average log PR×M for 

the idle VSP mode of 77 vehicles.  LLSR is used to fit the data.  As engine load increases, the 

pressure drop at the intake system increases, which causes VE to decrease.  The statistical 

diagnostics for this simple model are shown in Table 3.1(b) for the idle model (IM)-1.  The R2 of 

IM-1 indicates that only 18% of the variability in VE can be explained by a linear function of 

engine load. 

Nine NMs and ten IMs were developed and evaluated.  Table 3.1 shows the MEVs 

included and statistical diagnostics for each model, including VIF for main effects, AIC, R2, and 

adjusted R2.  For non-idle [Table 3.1(a)], NM-5 is selected as the best model because it has the 

lowest AIC.  The VIFs for the main effects of MEVs in NM-5 are less than 2.5, indicating low 

collinearity.  NM-5 has the third-largest adjusted R2 among the nine NMs.  The adjusted R2 for 

NM-5 is slightly smaller than that for NM-7 and NM-9 by only 1.4% and 0.9%, respectively, on 

a relative basis.  NM-9 is based on stepwise regression with backward elimination with p-value > 

0.15.  NM-9 has higher adjusted R2 than NM-5; however, it has a higher AIC than NM-5.  NM-9 

also has high VIFs for VVT and VT, which indicates that this model is biased by high 

collinearity.  Although NM-7 has the highest adjusted R2, it is not selected as the best model 

because the model coefficients for 22 of 29 MEVs are not statistically significant, VIF is high for 

VHP, VVT and VT, and AIC is the third-highest among the nine NMs. 
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Table 3.1. Summary of multilinear regression models for volumetric efficiency for: (a) non-idle mode models; and (b) idle mode 

models. Selected main effects, interaction effects, and statistical diagnostics are reported for each model, including variance inflation 

factor (VIF), Akaike information criterion (AIC), coefficient of determination (R2), and adjusted R2. 

(a) Non-idle mode Models (NMs) 

NM 

No.  
(1) 

Variance Inflation Factor (VIF) for Each Included 

Main Effect of Explanatory Variable in the Model 
(2, 3, 4) 

L2 Included 

in the 

Model 

(yes/no) 

Interaction Effects  

Included in the Model 
AIC R2 

Adjusted 

R2 

L CDCR VHP 
FI 
(5) 

VPC 
(6) 

VVT 
(7) 

VT  
(8) 

1 1.0             no none -4,969 0.138 0.137 

2 1.0             yes none -5,452 0.769 0.769 

3 1.0 2.0 2.6 1.2 1.5     yes L×CDCR, CDCR×FI, FI×VPC -5,467 0.868 0.867 

4 1.0 1.7 2.6 1.2   1.7   yes L×CDCR, CDCR×FI -5,468 0.867 0.866 

5 1.0 1.8 2.4 1.2     1.5 yes L×CDCR, L×VT, CDCR×FI  -5,481 0.872 0.871 

6 1.0 1.0   1.0       yes L×CDCR, CDCR×FI -5,470 0.866 0.865 

7 1.0 2.0 3.0 1.3 1.9 5.2 4.2 yes 
All 21 pairwise interactions among L, 

CDCR, VHP, FI, VPC, VVT and VT 
-5,453 0.886 0.883 

8 1.0         3.7 3.7 yes L×VVT, L×VT, CDCR×FI, FI×VT -5,475 0.871 0.870 

9 1.0         3.7 3.7 yes 

L×VPC, L×VVT, L×VT, CDCR×FI, 

CDCR×VVT, CDCR×VT, VHP×VPC, 

VHP×VT, FI×VT, VPC×VVT, 

VPC×VT, VVT×VT  

-5,470 0.881 0.879 

Continued on next page.
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Table 3.1. Continued. 

(b) Idle mode Models (IMs) 

IM 

No.  
(1) 

Variance Inflation Factor (VIF) for Each Included 

Main Effect of Explanatory Variable in the Model 
(2, 3, 4) 

L2 

Included in 

the Model 

(yes/no) 

Interaction Effects  

Included in the Model 
AIC R2 

Adjusted 

R2 

L CDCR VHP 
FI 
(5) 

VPC 
(6) 

VVT 
(7) 

VT  
(8) 

1 1.0             no none -355 0.176 0.165 

2 1.0             yes none -353 0.180 0.158 

3 1.1 2.0 2.7 1.2 1.5     no 
L×CDCR, L×VHP, L×FI, L×VPC, 

CDCR×FI 
-358 0.383 0.290 

4 1.1 1.8 2.7 1.2   1.7   no 
L×CDCR, L×VHP, L×FI, L×VVT, 

CDCR×FI, CDCR×VVT, VHP×FI  
-368 0.567 0.486 

5 1.1 1.8 2.4 1.2     1.5 no L×CDCR, L×VHP, CDCR×FI, VHP×FI -361 0.388 0.306 

6   1.7 2.3   1.5     no L×CDCR, L×VHP, L×VPC -363 0.334 0.277 

7   1.5 1.5         no L×CDCR, L×VHP -365 0.359 0.324 

8 1.1 2.0 3.0 1.3 1.9 5.3 4.2 no 
All 21 pairwise interactions among L, 

CDCR, VHP, FI, VPC, VVT and VT 
-345 0.611 0.385 

9     1.0         no L×VHP -364 0.276 0.257 

10 1.1   1.8   1.7 5.0 3.8 no 

CDCR×VHP, CDCR×FI, CDCR×VPC, 

VHP×VPC, VHP×VVT, FI×VPC, 

VPC×VT 

-366 0.560 0.477 

Notes: 1. The model in bold is selected as the best choice. 

2. L: engine load, which is log (RPM×MAP); RPM: revolutions per minute; MAP: manifold absolute pressure; CDCR: a derived term based on cylinder 

displacement (CD) and compression ratio (CR), which is ; VHP: volume rated horsepower; FI: type of fuel injection; VPC: valves per 

cylinder; VVT: variable valve timing; VT: valvetrain type. 

3. VIF is estimated for the main effect of model explanatory variables but not estimated for interaction effects. 

4. For NMs, sample size = 992 based on non-idle Vehicle Specific Power (VSP) modes of 77 vehicles; for IMs, sample size = 77 based on the idle VSP 

mode of 77 vehicles. 

5. FI is a categorical variable. FI = 0 is Port Fuel Injection, FI = 1 is Gas Direct Injection. 

6. Valves per cylinder (VPC) is a discrete variable including VPC = 2 and VPC = 4. 

7. Variable valve timing (VVT) is a categorical variable. VVT = 0 is no VVT, VVT = 1 is VVT. 

8. Valvetrain type (VT) is a categorical variable. VT = 0 is Over-Head Valves, VT = 1 is Single Over-Head Camshafts, VT = 2 is Dual Over-Head 

Camshafts. 
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For idle [Table 3.1(b)], IM-4 is selected as the best model since it has the lowest AIC.  

The VIFs for the MEV main effects are less than 2.8, indicating low collinearity.  IM-4 has the 

largest adjusted R2 and second largest R2 among the ten IMs.  Although IM-8 has the largest R2, 

it is not selected as the best model because none of the model coefficients are statistically 

significant, VIF is high for VHP, VVT and VT, and AIC is the highest among the ten IMs. 

There is no bias in NM-5 and IM-4.  For both models, the slopes of LLSR between 

empirical and modeled VE are 1.00 and the intercepts are less than 10-12.  For both models, the 

residuals are approximately normally distributed and independent of the MEVs, with absolute 

Pearson correlation coefficients less than 10-9. 

Therefore, for non-idle, the final MLR model, NM-5, is: 

6%ȟ ρψȢςωςπȢχςρ,ȟ χȢρρπ,ȟ πȢρψς#$#2 πȢπππσψ6(0

πȢσφτ&) πȢπςπ64 πȢπσψ,ȟ #$#2 πȢππυρ,ȟ 64

πȢρψυ#$#2&)                                                                                                     υ 

where, 

VEv,m  = volumetric efficiency for vehicle v at non-idle VSP mode m; 

Lv,m  = engine load for vehicle v at non-idle VSP mode m.  Engine load is  

quantified as log PR×M; 

CDCRv = CDCR for vehicle v.  CDCRv is ; 

CDv  = cylinder displacement (L) for vehicle v; 

CRv  = compression ratio for vehicle v; 

VHPv  = engine volume rated horsepower (hp/L) for vehicle v; 

FIv  = type of fuel injection for vehicle v.  FI=0 for PFI, FI=1 for GDI; 

VTv  = engine valvetrain type for vehicle v.  VT=0 for OHV, VT=1 for SOHC,  
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and VT=2 for DOHC; 

m  = non-idle VSP mode, m=1-2, 4-14. 

The final non-idle VE model accounts for intra-vehicle variability (L), inter-vehicle 

variability (CDCR, VHP, FI, and VT), and interactions between intra- and inter-vehicle 

variability.  The R2 of the final non-idle model is 0.87 [Table 3.1(a)], which is higher than that 

observed for a simple model (NM-2) by an absolute increment of only 0.10.  Thus, the variation 

in VE is dominated by intra-vehicle variation in engine load. 

For idle, the final MLR model, IM-4, is: 

6%ȟ ρσȢσψφσȢπφχ,ȟ χȢωρυ#$#2 πȢυπφ6(0 υȢτυυ&)

φȢωχπ664 ρȢχττ,ȟ #$#2 πȢρρρ,ȟ 6(0

ρȢςφπ,ȟ &) ρȢτυω,ȟ 664 πȢφςσ#$#2&)

πȢςςσ#$#2664 πȢπρς6(0&)                                                         φ 

where, 

VEv,mô  = volumetric efficiency for vehicle v at idle VSP mode mô; 

Lv,mô  = engine load for vehicle v at idle VSP mode mô.  Engine load is quantified  

as log PR×M; 

VVT v  = variable valve timing for vehicle v.  VVT=0 indicates the absence of VVT,  

VVT=1 indicates the presence of VVT; 

m'  = idle VSP mode (Mode 3). 

The final idle VE model accounts for intra-vehicle variability (L), inter-vehicle variability 

(CDCR, VHP, FI, and VVT), and interactions between intra and inter-vehicle variability.  The R2 

of the final idle model is 0.57 [Table 3.1(b)], which is higher than that observed for the simple 
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model (IM-1) by an absolute increment of 0.39.  Thus, incorporating inter-vehicle variability 

helps to explain more variation in VE than only accounting for intra-vehicle variability. 

The trends in modeled VE with respect to MEVs are evaluated based on sensitivity 

analyses that are detailed in Sections B.3.1 and B.3.2 in Appendix B.  For intra-variability, as 

engine load increases for non-idle, modeled VE decreases and then increases; as load increases 

during idle, modeled VE decreases.  These trends are consistent with Heywood (2018).  For 

inter-vehicle variability, modeled VE is generally larger for larger CDCR, larger VHP, PFI 

versus GDI, DOHC versus SOHC, SOHC versus OHV, and presence versus absence of VVT.  

These trends are all consistent with the expected trends observed in prior studies (Pulkrabek, 

2003; Hong et al., 2004; Turner et al., 2004; Chen et al., 2011; Heywood, 2018).  For the 

interactions between intra- and inter-vehicle variability, the trends are also plausible.  For 

example, at idle, the effect of VVT on modeled VE is more pronounced as engine load increases.  

This is because as engine load increases, the valves for engines with VVT are controlled to be 

open for a larger percentage of time per cycle to increase air intake and exhaust flow than for 

engines without VVT (Heywood, 2018).  Therefore, the trends in VE predicted by the final 

models with respect to MEVs are comparable to independent studies. 

Each of the final non-idle and idle models was validated using five-fold cross-validation.  

Data were randomly and equally split into five portions.  For each cross-validation case, four 

portions were used to calibrate the model, and the remaining portion was used to validate the 

model.  For each cross-validation case, the slope of the parity plot between modeled and 

empirical VE, based on the validation data, was used to evaluate the accuracy of the calibrated 

model.  For non-idle, the parity slopes vary from 0.98 to 1.00 with an average of 0.99 among the 
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five cross-validation cases.  For idle, the parity slopes vary from 0.94 to 1.05 with an average of 

1.00.  Therefore, both final models are accurate. 

Estimated VE is typically accurate within ±10% of empirical VE for the constant VE 

approach and within ±5% of empirical VE for the modeled VE approach.  These accuracies are 

comparable to errors in measured pollutant concentrations between compliant and non-compliant 

PEMS (i.e., ±10% of errors) (Vu et al., 2020).  Thus, the VE estimation approaches are 

applicable to non-compliant PEMS to enable accurate quantification of vehicle tailpipe emission 

rates. 

3.4.3 Comparison of modal rates among volumetric efficiency approaches 

Trends in VSP modal emission rates for CO2, CO, HC, and NOx are compared among VE 

estimation approaches in Figure 3.4.  For each pollutant and VE estimation approach, the 

average modal rates are lowest at Mode 3 and highest at Mode 14.  The average VSP modal rates 

increase monotonically with positive VSP.  In particular, the CO Mode 14 emission rates are 

much higher compared to other modes.  This is due to short episodes of open loop engine 

operation at high power demand to protect the catalytic converter from overheating (Eriksson 

and Nielsen, 2014). 

The relative trend in VSP modal rates for each pollutant is consistent among VE 

estimation approaches.  The rank ordering from lowest to highest modal rates for a given 

pollutant is the same among VE approaches. 
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(a) CO2         (b) CO 

 
(c) HC         (d) NOx 

Figure 3.4. Average Vehicle Specific Power (VSP) modal emission rates of 77 vehicles based on the constant volumetric efficiency 

(VE), modeled VE, and empirical VE approaches for: (a) CO2; (b) CO; (c) HC; and (d) NOx. Error bars are 95% confidence intervals 

based on the mean of 77 vehicles in each VSP mode. 
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The error bars in Figure 3.4 represent 95% confidence intervals on mean modal rates.  

They are influenced by inter-vehicle variability in the sample.  Although the 95% confidence 

intervals have substantial overlap among VE approaches for a given pollutant and VSP mode, 

there is high inter-approach correlation in the emission rates.  For example, the correlation in 

inter-vehicle variability for Mode 13 HC emission rates between the constant and empirical VE 

approaches is 0.99.  Thus, visual comparison of overlapping confidence intervals does not 

demonstrate lack of significant differences. 

Paired statistical comparisons of VSP modal rates between the VE estimation approaches 

are shown in Table 3.2.  The constant approach leads to underestimation of VE, of 7% or less 

when VSP is low (Modes 1 and 2), 10% or less for high VSP in Modes 9 to 13, and 

approximately 15% to 21% in Mode 14.  Conversely, VE is overestimated by as much as 7% 

among Modes 3 to 8.  Given that there are 14 modes and four pollutants, there are 56 

comparisons for the constant versus empirical VE approaches.  There are significant differences 

for only nine of these.  These significant differences are modest and are influenced by high inter-

vehicle correlations.  For example, the correlation in inter-vehicle variability for Mode 14 CO 

emission rates is 0.995.  For other modes and pollutants for which differences are not statistically 

significant, the differences are within ±5% for 33 comparisons and are within ±10% for 49 

comparisons.  Therefore, the constant VE estimation approach typically provides modal rate 

estimates within ±10% except for Mode 14.  The average difference of all 56 comparisons is -

2.2%. 
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Table 3.2. Comparisons of percentage difference in Vehicle Specific Power (VSP) modal 

emission rates for constant volumetric efficiency (VE) versus empirical VE approaches and for 

modeled VE versus empirical VE approaches based on the average of the rates for 77 vehicles. 

VSP 

Mode 

Mode 

Definition: 

VSP (kW/ton) 

Comparisons  

to Empirical 

VE Approach 

Percentage Difference, % (p-value) 1, 2, 3 

CO2 CO HC  NOx  

1 VSP < -2 
Constant -6.4 (0.14) -5.9 (0.16) -7.1 (0.17) -6.1 (0.17) 

Modeled  -1.6 (0.21) 0.0 (0.99) -4.0 (0.17) 2.0 (0.34) 

2 -2 Ò VSP < 0 
Constant -2.8 (0.12) -2.4 (0.19) -3.5 (0.18) -2.6 (0.20) 

Modeled  1.0 (0.35) -0.8 (0.62) 0.1 (0.98) 0.4 (0.81) 

3 0 Ò VSP < 1 
Constant 1.8 (0.15) 1.6 (0.20) 1.4 (0.20) 1.1 (0.21) 

Modeled  0.9 (0.49) -3.1 (0.35) -0.6 (0.74) 0.8 (0.57) 

4 1 Ò VSP < 4 
Constant 3.9 (0.09) 4.0 (0.18) 3.1 (0.18) 3.2 (0.19) 

Modeled  1.7 (0.14) 1.9 (0.30) 3.8 (0.15) 2.1 (0.44) 

5 4 Ò VSP < 7 
Constant 7.0 (0.03) 6.8 (0.16) 6.1 (0.15) 6.0 (0.18) 

Modeled  4.8 (0.06) 3.4 (0.40) 4.3 (0.09) 2.9 (0.08) 

6 7 Ò VSP < 10 
Constant 5.4 (0.04) 5.4 (0.17) 4.7 (0.17) 4.8 (0.19) 

Modeled  2.9 (0.06) 1.9 (0.28) 4.2 (0.12) 5.9 (0.26) 

7 10 Ò VSP < 13 
Constant 3.0 (0.11) 3.3 (0.19) 2.4 (0.19) 2.8 (0.20) 

Modeled  1.2 (0.14) 1.2 (0.29) 0.9 (0.42) 0.7 (0.68) 

8 13 Ò VSP < 16 
Constant 1.0 (0.17) 1.1 (0.20) 0.6 (0.21) 0.9 (0.21) 

Modeled  0.4 (0.61) 0.2 (0.80) 1.6 (0.09) -0.8 (0.32) 

9 16 Ò VSP < 19 
Constant -1.4 (0.16) -1.0 (0.20) -1.7 (0.19) -0.9 (0.21) 

Modeled  -0.5 (0.45) 1.4 (0.24) -1.1 (0.20) 0.4 (0.71) 

10 19 Ò VSP < 23 
Constant -3.6 (0.09) -3.5 (0.18) -3.9 (0.17) -3.1 (0.19) 

Modeled  -1.2 (0.12) -2.0 (0.08) -1.1 (0.24) -3.1 (0.10) 

11 23 Ò VSP < 28 
Constant -5.0 (0.07) -4.6 (0.17) -5.2 (0.16) -4.1 (0.19) 

Modeled  1.1 (0.17) 1.7 (0.08) 1.8 (0.16) 1.8 (0.13) 

12 28 Ò VSP < 33 
Constant -6.2 (0.04) -6.1 (0.16) -6.3 (0.15) -5.2 (0.18) 

Modeled  0.0 (0.99) -1.4 (0.19) 0.6 (0.43) 0.2 (0.83) 

13 33 Ò VSP < 39 
Constant -9.5 (0.02) -9.4 (0.15) -9.6 (0.05) -8.0 (0.16) 

Modeled  -1.1 (0.17) -0.8 (0.61) -1.2 (0.30) -0.3 (0.81) 

14 39 Ò VSP 
Constant -16.5 

(0.00) 

-15.2 

(0.00) 

-17.9 

(0.00) 
-21.3 (0.00) 

Modeled  -1.7 (0.27) 1.6 (0.52) -3.5 (0.13) -8.2 (0.47) 

Notes: 1. Statistically significant p-values (Ò 0.05) are in bold and italic based on paired t-test, and  

suggestively significant p-values (> 0.05 and < 0.10) are in italics based on paired t-test. 

2. Highlighted areas indicate percentage differences are improved for modeled versus empirical 

VE approaches compared to constant versus empirical VE approaches. 

3. Vehicle sample size is 77 for VSP Modes 1 to 13, and vehicle sample size is 68 for VSP Mode 

14.
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For paired comparisons of modeled to empirical VE approaches, none of the 56 

differences in modal rates are statistically significant.  The differences for the 56 comparisons 

range from -8.2% to 5.9% with an average of 0.4%.  The differences are within ±5% for 54 of 

the 56 comparisons.  Compared to the constant versus empirical approaches, the percentage 

differences between modeled versus empirical approaches are improved for 50 of the 56 

comparisons.  Therefore, the modeled VE approach generally reduces the errors in estimating 

VSP modal emission rates. 

3.4.4 Comparison of cycle-average rates among volumetric efficiency approaches 

CAERs for the three VE estimation approaches are compared in Table 3.3.  For the 

constant versus empirical VE approaches, only 3 of the 56 comparisons among cycles and 

pollutants have differences that are statistically significant, but these differences do not exceed 

6%.  These small differences are significant because of high inter-vehicle correlation in CAERs 

between approaches.  For example, the correlation of the RTS95 CO2 CAERs between both 

approaches is 0.98.  These significant differences for cycles that have higher fractions of time 

spent in high VSP modes than others are consistent with the modest underestimation of modal 

rates for high VSP modes by the constant VE approach.   

For paired comparisons of constant to empirical VE approaches, differences in CAERs 

do not exceed an absolute error of 5% for 52 of the 56 comparisons, and are within -10.2% to 

4.5% for all of the comparisons.  The average error of the 56 comparisons is 0.0%.  Thus, on 

average, the constant VE estimation approach provides accurate estimates of CAERs.  The errors 

in the CAERs for the constant VE approach are less than that of some of the individual modal 

rates given in Table 3.2.  This is because CAERs involve averaging over multiple VSP modes for  
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Table 3.3. Comparisons of percentage difference in cycle emission rates for constant volumetric 

efficiency (VE) versus empirical VE approaches and for modeled VE versus empirical VE 

approaches based on the average of the rates for 77 vehicles. The driving cycles include five 

real-world cycles (i.e., Routes A, C, 3, 1, and 1*) and nine standard cycles (i.e., CLTC-P, NEDC, 

FTP, SC03, LA92, WLTC, RTS95, US06, and HFET). 

Driving 

Cycle 1 

Comparisons to Empirical 

VE Approach 

Percentage Difference, % (p-value) 2, 3 

CO2 CO HC  NOx  

A 
Constant 1.5 (0.13) 0.7 (0.37) 0.6 (0.12) 1.0 (0.24) 

Modeled 1.4 (0.08) 0.8 (0.11) 1.2 (0.42) 1.5 (0.34) 

C 
Constant 0.8 (0.24) -1.2 (0.12) -0.1 (0.72) 0.0 (0.98) 

Modeled 1.1 (0.14) 0.5 (0.19) 1.0 (0.05) 1.0 (0.07) 

3 
Constant 0.3 (0.67) -1.9 (0.43) -0.5 (0.25) -0.5 (0.22) 

Modeled 0.9 (0.06) 0.4 (0.30) 0.8 (0.11) 0.8 (0.32) 

1 
Constant -0.8 (0.22) -4.0 (0.32) -1.5 (0.27) -1.7 (0.12) 

Modeled 0.6 (0.05) 0.2 (0.53) 0.6 (0.12) 0.2 (0.59) 

1* 
Constant -4.7 (0.02) -10.2 (0.15) -5.5 (0.04) -7.2 (0.11) 

Modeled -0.3 (0.53) 0.0 (0.97) -0.6 (0.32) -2.1 (0.26) 

CLTC-P 
Constant 2.0 (0.16) 1.8 (0.33) 1.1 (0.24) 1.6 (0.41) 

Modeled 1.7 (0.07) 0.8 (0.25) 1.5 (0.19) 1.9 (0.06) 

NEDC 
Constant 2.8 (0.13) 2.7 (0.31) 1.8 (0.15) 2.2 (0.39) 

Modeled 1.8 (0.08) 1.1 (0.11) 1.9 (0.33) 1.8 (0.18) 

FTP 
Constant 2.9 (0.13) 3.0 (0.22) 1.8 (0.23) 2.5 (0.23) 

Modeled 1.9 (0.08) 1.2 (0.07) 1.8 (0.09) 2.2 (0.24) 

SC03 
Constant 2.4 (0.15) 2.3 (0.23) 1.4 (0.37) 2.0 (0.24) 

Modeled 1.7 (0.11) 1.0 (0.12) 1.6 (0.16) 1.9 (0.28) 

LA92 
Constant 1.7 (0.18) 1.5 (0.09) 0.8 (0.24) 1.3 (0.21) 

Modeled 1.4 (0.14) 0.8 (0.13) 1.2 (0.43) 1.6 (0.06) 

WLTC 
Constant 1.6 (0.18) 1.1 (0.19) 0.7 (0.52) 1.1 (0.34) 

Modeled 1.5 (0.15) 0.9 (0.06) 1.4 (0.15) 1.6 (0.30) 

RTS95 
Constant -1.4 (0.04) -5.9 (0.18) -2.2 (0.09) -2.9 (0.23) 

Modeled 0.6 (0.07) 0.3 (0.57) 0.3 (0.50) -0.1 (0.92) 

US06 
Constant -1.4 (0.19) -5.0 (0.14) -2.1 (0.17) -2.4 (0.13) 

Modeled 0.4 (0.14) 0.3 (0.50) 0.4 (0.35) 0.0 (0.93) 

HFET 
Constant 4.4 (0.08) 4.5 (0.25) 3.6 (0.21) 3.9 (0.38) 

Modeled 2.6 (0.06) 1.9 (0.22) 3.0 (0.21) 3.2 (0.06) 

Notes: 1. CLTC-P: China Light-duty vehicle Test Cycle - Passenger car; NEDC: New European Driving  

Cycle; FTP: Federal Test Procedure; LA92: Los Angeles 92; WLTC: Worldwide harmonized 

Light vehicles Test Cycle; RTS95: standardized Random Test 95 aggressive; HFET: Highway 

Fuel Economy Test. 

2. Statistically significant p-values (Ò 0.05) are in bold and italic based on paired t-test, and 

suggestively significant p-values (> 0.05 and < 0.10) are in italics based on paired t-test. 

3. Highlighted areas indicate percentage differences are improved for modeled versus empirical 

VE approaches compared to constant versus empirical VE approaches. 
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transient cycles typical of real-world vehicle operation.  Thus, what appear to be relatively large 

errors in modal rates for some VSP modes, such as Mode 14, do not lead to correspondingly 

large errors in CAERs. 

For paired comparisons of modeled to empirical VE approaches, none of the differences 

among 56 comparisons are statistically significant.  Among all 56 comparisons, errors in CAERs 

range from -2.1% to 3.2%.  For 51 of the comparisons, the errors are within ±2%, and for 26 

comparisons the errors are within ±1%.  The average error for all 56 comparisons is 1.1%, which 

indicates a slight numerical but practically insubstantial bias.  There are 39 of 56 comparisons for 

which the error from the modeled approach is less than that for the constant approach.  Thus, the 

modeled approach is an improvement on the constant approach.  However, given that the errors 

for the latter are typically within ±10%, both approaches enable reasonably accurate estimates of 

CAERs and also enable similar comparisons of relative differences between CAERs.  For 

example, the rank ordering from lowest to highest CAERs for a given pollutant is the same 

among VE approaches. 

3.4.5 Sensitivity of comparisons to vehicle groups 

Because modeled VE depends in part on inter-vehicle characteristics, errors in emission 

rates among the VE estimation approaches were compared for selected groups of vehicles with 

differing characteristics.  VT is the most sensitive source of inter-vehicle variations in modeled 

VE based on a sensitivity analysis in the SM (Figure B.3).  In total, five vehicle groups were 

formed, including Tier 1 OHV, Tier 2 SOHC, Tier 2 DOHC, Tier 3 DOHC, and All Vehicles.  

The vehicle sample size for each group is 6, 19, 33, 6, and 77 respectively.  Other combinations 

of emission standards and VT are not taken into account because their vehicle sample size are 

less than five. 
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The comparison of VSP modal rates among the VE approaches and vehicle groups is 

shown in Figure 3.5(a).  For each inter-approach comparison and each vehicle group, there are 

56 comparisons, including 14 modes and four pollutants.  There are 280 comparisons over the 

five vehicle groups.  For each vehicle group, at least 88% of the errors are within ±10% for 

constant versus empirical approaches, indicating that the constant VE approach is accurate for 

most of the modes.  The mean error of 56 comparisons for each vehicle group is within ±3.3%. 

For comparisons of modeled to empirical VE approaches in modal rates [Figure 3.5(a)], 

277 of the 280 differences are within ±10%.  The mean error for each vehicle group is within 

±1.7%, which is an insubstantial bias.  Therefore, both constant and modeled approaches 

generally provide accurate estimates of VSP modal rates for each vehicle group. 

The comparison of differences in the CAERs among the VE approaches for selected 

vehicle groups is shown in Figure 3.5(b).  For each inter-approach comparison and each vehicle 

group, there are 56 comparisons, including 14 cycles and four pollutants.  There are 280 

comparisons among the five vehicle groups.  For constant versus empirical approaches, 276 of 

the 280 differences are within ±10%.  About 86% to 95% of the errors are within ±5%, 

depending on the vehicle group.  The mean error of 56 comparisons for each vehicle group is 

within ±1.2%, indicating good accuracy in CAERs estimates using the constant approach. 

For comparisons of the modeled and empirical VE approaches for CAERs [Figure 

3.5(b)], all of the differences are within ±5% regardless of the vehicle group.  The mean error of 

56 comparisons for each vehicle group is within ±2.0%, which is an insubstantial bias.  

Therefore, the modeled approach also provides accurate estimates of CAERs for each vehicle 

group. 
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(a) Percentage difference in VSP modal emission rates 

 

(b) Percentage difference in cycle-average emission rate 

Figure 3.5. Boxplots of percentage differences in constant versus empirical volumetric efficiency 

(VE) approaches, and in modeled versus empirical VE approaches, for each vehicle group for: 

(a) Vehicle Specific Power (VSP) modal emission rates; and (b) cycle-average emission rates. 

Sample size in each boxplot is 56 based on 14 modes or 14 cycles and 4 pollutants. T1-OHV: 

Tier 1 Over-Head Valves; T2-SOHC: Tier 2 Single Over-Head Camshafts; T2-DOHC: Tier 2 

Dual Over-Head Camshafts; T3-DOHC: Tier 3 Dual Over-Head Camshafts. The vehicle sample 

size is 77, 6, 19, 33, and 6 for All, T1-OHV, T2-SOHC, T2-DOHC, and T3-DOHC vehicle 

groups, respectively. 
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3.5 Conclusions 

VE was quantified accounting for intra- and inter-vehicle variability.  The accuracy of 

SDM-based emission rates estimates was evaluated based on real-world PEMS measurements 

for 77 vehicles.  VE is sensitive to intra-vehicle variability in engine load and inter-vehicle 

variability in engine characteristics such as CDCR, VHP, FI, VVT, and VT.  VE is more 

sensitive to engine load than engine characteristics when the engine is under load, but is more 

sensitive to engine characteristics than engine load when the engine is at idle.  The trends in 

modeled VE with respect to engine load and engine characteristics are consistent with 

independent studies.  The final VE models are accurate based on cross-validation. 

Both constant and modeled VE approaches provide accurate estimates for microscale 

VSP modal rates for each vehicle group.  For most of the VSP modes, errors in modal rate 

estimates are within ±10% for the constant approach and within ±5% for the modeled approach.  

Although errors in VSP Mode 14 rates tend to be large for the constant approach, Mode 14 

typically accounts for a small fraction of travel time for many driving cycles.  Compared to the 

constant approach, the modeled approach reduces the errors in modal rates estimates for most of 

the modes, particularly for high VSP modes.  Thus, the modeled approach could enable more 

accurate estimates of episodic, highly localized emission rates related to short emissions episodes 

under high power demand. 

Both the constant and modeled VE approaches provide accurate estimates for mesoscale 

CAERs for each vehicle group.  For most of the cycles, errors in CAERs estimates are within 

±5% for the constant approach and within ±2% for the modeled approach.  For some high power 

demand cycles, errors in CAERs tend to be relatively larger when using the constant approach; 

however, these errors are typically within ±10%.  Compared to the constant approach, the 
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modeled approach reduces the errors in CAERs estimates for most of the cycles, particularly for 

high power demand cycles.  However, both approaches enable accurate, to within ±10%, 

estimation of CAERs for multiple driving cycles that cover a wide range of cycle average speeds 

and varying distributions of power demand.  Therefore, both the constant and modeled VE 

approaches enable accurate microscale and mesoscale emission rates estimates for each vehicle 

group.  The constant VE approach has already been established to quantify MAF and, thus, 

exhaust flow rates, in conjunction with simplified or micro-PEMS measurements.  In the future, 

the modeled VE approach can also be incorporated to work with simplified or micro-PEMS to 

quantify MAF and exhaust flow rates, particularly for road segments with short emissions 

episodes under high power demand. 

This work establishes the feasibility of using simplified and micro-PEMS to infer modal 

and cycle average emission rates.  The estimation of emission rates can be accurately 

accomplished based on a simplified approach to inferring MAF using constant or modeled VE 

estimation approaches.  Both approaches are sufficient for non-regulatory purposes, including 

comparing technologies, comparing driving cycles, developing representative emission factors, 

and developing emission inventories.  Thus, simplified and micro-PEMS are useful for a variety 

of technology assessments, trends analyses, and policy applications. 
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CHAPTER 4:  EVALUATION OF THE PR ECISION AND ACCURACY  OF CYCLE 

AVERAGE LIGHT DUTY G ASOLINE VEHICLES TAI LPIPE EMISSION  RATES 

PREDICTED BY MODAL M ODELS 

This chapter is published as:  Wei, T.; Frey, H. C. Evaluation of the Precision and Accuracy of 

Cycle-Average Light Duty Gasoline Vehicles Tailpipe Emission Rates Predicted by Modal 

Models. Transportation Research Record 2020, 2674 (7), 566ï584. 

4.1 Abstract 

A Vehicle Specific Power (VSP) modal model and the MOtor Vehicle Emission 

Simulator (MOVES) Operating Mode (OpMode) model have been used to evaluate and quantify 

the fuel use and emission rates (FUERs) for on-road vehicles.  These models bin second-by-

second FUERs based on factors such as VSP, speed, and others.  The validity of binning 

approaches depends on their precision and accuracy in predicting variability in cycle-average 

emission rates (CAERs).  The objective is to quantify the precision and accuracy of the two 

modeling methods.  Since 2008, North Carolina State University has used Portable Emission 

Measurement Systems to measure tailpipe emission rates for 214 light duty gasoline vehicles on 

1,677 driving cycles, including 839 outbound cycles and 838 inbound cycles on the same routes.  

These vehicles represent a wide range of characteristics and emission standards.  For each 

vehicle, the models were calibrated based on outbound cycles and were validated based on 

inbound cycles.  The goodness-of-fit of the calibrated models was assessed using linear least 

squares regression without intercept between model predicted versus empirical CAERs for 

individual vehicles.  Based on model calibration and validation, the coefficients of determination 

(R2) typically range from 0.60 to 0.97 depending on the vehicle group and pollutant, indicating 

moderate to high precision, with precision typically higher for higher emitting vehicle groups.  
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The slopes of parity plots for each vehicle group and all vehicles typically range from 0.90 to 

1.10 indicating good accuracy.  The two modeling approaches are similar to each other at the 

microscopic and macroscopic levels. 

4.2 Introduction  

In 2002, the National Research Council called for a shift away from emission factor 

models calibrated to cycle-average rates and toward a new generation of models that can 

quantify emissions for any user-specified or real-world driving cycle (1).  Since that time, modal 

models have been developed based on the distribution of power demand as the basis for 

quantifying the fuel use and emission rates (FUERs) of on-road vehicles for any driving cycle (2, 

3).  Examples of such models include a Vehicle Specific Power (VSP) modal model and the 

MOtor Vehicle Emission Simulator (MOVES) Operating Mode (OpMode) model (2, 3).   

VSP is an indicator of vehicle engine tractive power demand (4).  VSP has been used to 

quantify variability in FUERs, and has been used as the basis for modal models in which second-

by-second (1 Hz) FUERs are binned into ranges of VSP (2, 3).  The modal models have been 

used to estimate emission rates for a given driving cycle (5ï9). 

A 14-mode VSP modal model was developed by Frey et al. (2).  The 14 VSP modes are 

defined based on specified ranges of VSP (2).  The 14-mode model was validated based on an 

independent dataset for 17 vehicles measured on chassis dynamometers for 11 driving cycles.  

The comparison was based on the mean cycle-average rate predicted by the calibrated model 

versus the mean cycle-average rate of the independently measured vehicles for each cycle.  The 

estimated total emissions were generally not significantly different from the independent data.  

Duarte et al. calibrated the 14-mode VSP modal model based on real-world emission 

measurements for 16 light duty vehicles (LDVs) (6).  However, they did not validate the model.  
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Varella et al. calibrated the 14-mode VSP modal model based on Portable Emission 

Measurement Systems (PEMS) data for 5 vehicles (7).  The cycle-average emission rates 

(CAERs) for carbon dioxide (CO2) were not significantly different between predicted versus 

empirical rates.  However, the calibrated model was not validated using independent empirical 

data. 

The MOVES OpMode approach was developed by the U.S. Environmental Protection 

Agency (EPA) (10).  There are 23 OpModes defined based on braking, idling, three speed 

ranges, and ranges of VSP within each speed range (3).  MOVES estimates fleet average FUERs 

for vehicle groups such as passenger car and passenger truck (10).  MOVES also accounts for 

factors affecting variability in FUERs, such as ambient temperature, air conditioning (AC) usage, 

deterioration, and inspection and maintenance program (10). 

Liu and Barth compared trends in MOVES OpMode model predictions to emission 

measurements for three cycles measured for one vehicle on a chassis dynamometer (11).  The 

MOVES predictions were accurate for low and medium power cycles.  However, because 

MOVES is based on fleet average emission rates, it cannot be validated based on comparisons to 

only one vehicle.  Liu and Frey evaluated MOVES predicted CAERs based on real-world PEMS 

measurements for 100 light duty gasoline vehicles (LDGVs) and almost 600 driving cycles (5).  

They found that the trends in MOVES predictions with respect to vehicle types and driving 

cycles were qualitatively consistent with independent empirical data.  EPA evaluated MOVES 

predictions for LDVs based on different measurement methods such as dynamometer tests, 

remote sensing, and tunnel studies (12, 13).  Fuel use and hydrocarbons (HC) emissions 

predicted by MOVES were not found to be biased.  Nitrogen oxides (NOx) emissions rates 

showed mixed and inconsistent results depending on the measurement method.   



 

 

133 

The validity of binning approaches based on VSP depends on whether these approaches 

can precisely and accurately predict variability in CAERs.  Evaluation of precision and accuracy 

requires comparison of model predictions to independent measurements not used for model 

calibration.  The objective is to quantify the precision and accuracy of VSP-based binning 

methods with regard to quantification of CAERs. 

4.3 Methods 

Methods include: (1) real-world emission measurements; (2) model calibration; (3) model 

validation; and (4) model comparison.  The measurements are based on PEMS. 

Among the challenges in making such comparisons are that each measured vehicle has its 

unique combination of model year, make, model, engine and vehicle characteristics, accumulated 

mileage, emissions deterioration, and operating conditions (i.e., the distribution of 1 Hz speed, 

acceleration, road grade, and AC usage) according to the study route over which emission 

measurements are made under ambient conditions.  Thus, to fairly evaluate the binning 

methodology requires use of comparable samples of vehicles and operating conditions for both 

model calibration and validation. 

4.3.1 Real-world emission measurements 

Between 2008 and 2018, North Carolina State University (NCSU) used PEMS to 

measure 214 LDGVs on real-world test routes (14).  Vehicle FUERs are affected by vehicle size, 

fuel and powertrain, and emission standards (15, 16).  The EPA emission standards represented 

by the vehicle sample include Tier 1, Tier 2, and Tier 3 (16).  The vehicle sample includes 

variability in vehicle model year, body type, curb weight, accumulated mileage, engine 

displacement, rated horsepower, compression ratio, and emission standard.  The vehicles are 

grouped according to EPA emission standards and whether they are passenger cars (PCs) or 
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passenger trucks (PTs).  PCs include coupes, hatchbacks, sedans, and wagons, and PTs include 

minivans, pickup trucks, and Sport Utility Vehicles (17).  The sample of hybrid electric vehicles 

(HEVs) are mostly Tier 2 and are grouped separately because HEVs typically have much lower 

emission rates than non-hybrid vehicles (5), and because MOVES does not explicitly account for 

HEVs (10).   

Thus, for vehicles that were certified to EPA standards, there are seven vehicle groups, 

including HEVs, Tier 1 PC (T1PC), Tier 1 PT (T1PT), Tier 2 PC (T2PC), Tier 2 PT (T2PT), Tier 

3 PC (T3PC), and Tier 3 PT (T3PT).  The vehicle sample size for each group is 10, 13, 5, 77, 55, 

14, and 10, respectively.  The remaining 30 vehicles were certified to five California standards in 

which the vehicle sample size for the Low Emission Vehicle (LEV) and Ultra Low Emission 

Vehicle (ULEV) is 16 and 7, respectively.  Vehicle groups with 5 or more measured vehicles are 

separately quantified. 

Real-world vehicle emission measurements were conducted in the Research Triangle 

Park, NC area (14).  Each vehicle was measured on four round-trip routes, Routes A, C, 1, 3, 

with a combined distance of 110 miles.  The routes include a wide range of road types, such as 

arterials, ramps, and interstates, with speed limits ranging from 25 to 70 mph, and road grades 

ranging from -10 to +10 percent (14).  AC usage was inferred based on ambient temperature on 

the measurement day.  Overall, 63 vehicles operated on days for which ambient temperature was 

80ǓF or higher and for which AC was typically operated. 

Real-world tailpipe exhaust emission measurements were conducted for each LDGV 

using a PEMS, on-board diagnostic (OBD) data link scan tool, and global positioning system 

(GPS) receivers with barometric altimeter (5).   The OEM-2100 Montana or OEM-2100AX 

Axion PEMS was used (18, 19).  Each PEMS uses a nondispersive infrared (NDIR) sensor to 
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measure CO2, carbon monoxide (CO), and HC concentrations, and uses electrochemical sensors 

to measure nitric oxide (NO) and oxygen concentrations.  Compared to dynamometer tests, the 

PEMS has good precision for all pollutants (20).  The coefficients of determination (R2) were all 

above 0.80.  The PEMS has good accuracy for CO2, CO, and NO, with the slopes of parity plots 

ranging from 0.92 to 1.05 (20).  Tailpipe NOx emissions are typically 95% NO for LDGVs; thus, 

NO is used as a surrogate for total NOx emissions (21).  NDIR responds to variation in exhaust 

HC concentrations for straight-chain alkanes, but only partially responds to the concentrations of 

other HC species (22).  Thus, the HC emission measurements were used for relative comparisons 

on a consistent basis. 

FUERs vary with vehicle and engine activity (23).  An OBD scan tool was used to record 

1 Hz vehicle and engine activity data, such as vehicle speed, engine revolutions per minute 

(RPM), manifold absolute pressure, intake air temperature, and mass air flow, from the vehicle 

electronic control unit for each measurement. 

FUERs vary with road grade (24).  Ten GPS receivers with barometric altimeters were 

used for each measurement to record real-time GPS positions and elevation.  Road grade was 

estimated for adjacent 0.1-mile segments of each one-way trip based on regression analysis of 

altitude versus distance within the road segment (25). 

For each measured vehicle, the measured 1 Hz data from the PEMS, OBD scan tool, and 

GPS receivers were time-aligned and quality assured (QA) following established methods.  

Time-alignment between PEMS and OBD data was based on concurrent peaks in CO and NOx 

concentrations measured by PEMS and in engine RPM data reported from OBD.  Vehicle speed 

data from the OBD and GPS receivers were matched to the nearest second based on time-

alignment of concurrent peaks in speed.  Details are given in Sandhu and Frey (26).  Erroneous 
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data were corrected or eliminated.  The most typical errors were air-to-fuel ratio out of range and 

negative HC concentrations.  Generally, erroneous data accounted for less than 5 percent of the 

raw data for each vehicle.  For the 214 LDGVs, there were 839 outbound one-way trips and 838 

inbound one-way trips, each of which have at least 90% complete data in terms of valid 1 Hz 

vehicle activity and emission rates.  Thus, in total, there were 1,677 valid one-way trips. 

The 1 Hz FUERs for CO2, CO, HC, and NOx for each LDGV were estimated based on 

the measured exhaust pollutant concentration, estimated exhaust flow rate based on OBD data 

and the observed air-to-fuel ratio, and fuel composition.  Details of the method for quantifying 1 

Hz FUERs estimates are given elsewhere (26). 

Variability in FUERs can be explained, at least in part, by VSP.  VSP was quantified in 

terms of 1 Hz speed, acceleration, and road grade.  VSP quantifies changes in kinetic and 

potential energy, rolling resistance, and aerodynamic drag.  For the VSP modal model, VSP was 

calculated for each vehicle based on generic coefficients for a typical LDGV as (4): 

630 Ö ρȢρÁ ωȢψρ πȢρσςπȢπππσπςÖ     (1) 

Where, 

Á = vehicle acceleration at time t (m/s2); 

Ò = road grade at time t (%); 

Ö = vehicle speed at time t (m/s); 

630 = Vehicle Specific Power at time t (kW/ton) estimated by the 14-mode VSP modal  

model; 

Ô = time (second); 

6 = 14-mode VSP modal model. 
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For the OpMode model, VSP was based on parameter values specific to PCs and PTs 

according to a different parameterization developed by EPA (3): 

630 Ö Ö Ö Á ωȢψρ Ö   (2) 

Where, 

! = tire rolling resistance coefficient (kW-s/m).  For passenger cars, ὃ = 0.156  

kW-s/m; for passenger trucks, ὃ = 0.221 kW-s/m; 

" = higher order rolling resistance coefficient (kW-s2/m2).  For passenger cars, ὄ =  

0.0020 kW-s2/m2; for passenger trucks, ὄ = 0.0028 kW-s2/m2; 

# = aerodynamic drag coefficient (kW-s3/m3).  For passenger cars, ὅ = 0.0005  

kW-s3/m3; for passenger trucks, ὅ = 0.0007 kW-s3/m3; 

- = vehicle mass (metric ton).  For passenger cars, ὓ = 1.48 metric tons; for  

passenger trucks, ὓ = 1.87 metric tons; 

630 = Vehicle Specific Power at time t (kW/ton) estimated by the MOVES OpMode  

model; 

/ = the MOVES OpMode model. 

4.3.2 Model calibration  

Each of the VSP modal and OpMode models was calibrated for each of 214 LDGVs.  For 

each LDGV, the models were calibrated based on outbound one-way trips and were validated 

based on inbound one-way trips.  This is because vehicle activities were similar in both 

directions in terms of road types and speed limits; thus, the vehicle activity underlying the data 

used for validation is representative of the vehicle activity underlying the data used for 

calibration. 
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The 1 Hz FUERs were binned based on the mode definitions in Table 4.1.  For the 14-

mode VSP modal model, modes 1 and 2 include negative VSP values representing decelerating 

or braking (2).  Mode 3 represents idle.  Modes 4 to 14 include increasing positive VSP values 

representing cruise or accelerating.  The trend in VSP modal FUERs typically monotonically 

increase with increasing positive VSP from mode 3 to 14 (2).  This trend has been consistently 

found in prior studies (5ï7).  

For the OpMode model, OpMode 0 represents braking (3).  OpMode 1 represents idle.  

OpModes 11 to 40 are based on ranges of speed subdivided by ranges of VSP.  OpModes 11 and 

21 include negative VSP values representing coasting in different speed ranges.  Within each 

speed range are OpModes based on successively higher ranges of positive VSP.  The trend in 

OpMode modal FUERs is typically observed to monotonically increase with positive VSP in 

each speed range  (11, 27, 28). 

To calibrate each model for individual vehicles, the modal-average FUERs in each VSP 

mode and OpMode were calculated based on the arithmetic mean of post-QA 1 Hz data for the 

outbound one-way trips on each of the four routes.  The use of individual vehicles as the basis 

implicitly accounts for variability in factors such as model year, emission standards, mileage 

accumulation, deterioration, and AC usage among the vehicles. 

CAERs for each pollutant were compared for model predictions versus empirical data 

based on calibration cycles for individual vehicles within each vehicle group and all vehicles.  

Empirical CAERs for each pollutant and LDGV were the sum of 1 Hz emission rates for each 

cycle divided by the cycle distance.  The modal model predicted CAERs for each pollutant and 

LDGV were the sum of the product of modal-average emission rates and the modal time for each 

cycle divided by the cycle distance. 
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Table 4.1. Definition of modes for (a) Vehicle Specific Power (VSP) modes and (b) MOVES 

Operating Modes (OpModes) [Sources: References (2, 3)]. 

(a) VSP Modes 

VSP 

Mode 

VSP Mode 

Description 

VSP  

(kW/ton)  

VSP 

Mode 

VSP Mode  

Description 

VSP 

(kW/ton)  

1 Deceleration/ 

Braking 

VSPt < -2 8 

Cruise/ 

Acceleration 

13 Ò VSPt < 16 

2 -2 Ò VSPt < 0 9 16 Ò VSPt < 19 

3 Idle 0 Ò VSPt < 1 10 19 Ò VSPt < 23 

4 

Cruise/ 

Acceleration 

1 Ò VSPt < 4 11 23 Ò VSPt < 28 

5 4 Ò VSPt < 7 12 28 Ò VSPt < 33 

6 7 Ò VSPt < 10 13 33 Ò VSPt < 39 

7 10 Ò VSPt < 13 14 39 Ò VSPt 

 

(b) MOVES OpModes 
Operating  

Mode 

Operating Mode  

Description 

VSP  

(kW/ton)  

Vehicle Speed  

(mph) 

Vehicle Acceleration  

(mph/s) 

0 
Deceleration/ 

Braking 
  

at Ò -2.0 or (at < -1.0 and 

at-1 < -1.0 and at-2 < -1.0) 

1 Idle  -1 Ò vt < 1 

 

11 Coast VSPt < 0 

1 Ò vt < 25 

12 

Cruise/ 

Acceleration 

0 Ò VSPt < 3 

13 3 Ò VSPt < 6 

14 6 Ò VSPt < 9 

15 9 Ò VSPt < 12 

16 12 Ò VSPt  

21 Coast VSPt < 0 

25 Ò vt < 50 

22 

Cruise/ 

Acceleration 

0 Ò VSPt < 3 

23 3 Ò VSPt < 6 

24 6 Ò VSPt < 9 

25 9 Ò VSPt < 12 

27 12 Ò VSPt < 18 

28 18 Ò VSPt < 24 

29 24 Ò VSPt < 30 

30 30 Ò VSPt 

33 

Cruise/ 

Acceleration 

VSPt < 6 

50 Ò vt 

35 6 Ò VSPt < 12 

37 12 Ò VSPt < 18 

38 18 Ò VSPt < 24 

39 24 Ò VSPt < 30 

40 30 Ò VSPt 

Notes:  at: instantaneous vehicle acceleration (mph/s) at time t; 

 vt: instantaneous vehicle speed (mph) at time t; 

 VSPt: instantaneous VSP (kW/ton) at time t. 
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The goodness-of-fit for both calibration and validation data was quantified using linear 

least squares regression (29) for modal model predicted versus empirical CAERs for each 

pollutant and each individual vehicle within each vehicle group and for all vehicles.  The 

intercept was forced to be zero because CAERs are non-negative and bounded at the low end by 

zero for both model predicted and empirical rates (30).  The precision of the model is related to 

the R2.  The accuracy of the model is indicated by how close the slope is to an ideal value of 1.  

The statistical significance of the slope was quantified.  For a given pollutant and vehicle group, 

if the slope is not significantly different from 1, model predicted CAERs are not significantly 

different from empirical rates.   

For some vehicles and pollutants, the measured trend in modal-average rates was not 

monotonic with increasing positive VSP.  Such situations were often associated with a large 

proportion of 1 Hz concentrations, particularly for CO and HC, that were below the gas analyzer 

detection limit or for modes with small sample size.  In such situations, for a specific vehicle and 

pollutant, the modeled CAER did not monotonically increase with respect to measured CAER.  

Linear regression was used to quantify the slope of the parity plot of model predicted versus 

measured CAER for each individual vehicle-pollutant combination.  Vehicles were excluded for 

a given pollutant if the fitted slope was <0.7 or >1.3.  The choice of these cut points for fitted 

slopes is based on an observation that, for CO2 emission rates, the slopes estimated for each 

individual vehicle varied within 0.7 and 1.3.  CO2 modal emission rates are monotonic with 

respect to positive VSP and the modal-average CO2 concentrations are well above the gas 

analyzer detection limit.  For each of the other pollutants, the majority of vehicles also had fitted 

slopes within this range.  However, there are some vehicles for which the fitted slopes are 

substantially outside this range.  Slopes outside this range were confirmed to be associated with 
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modal emission rates that are not monotonic with respect to positive VSP, such as because one or 

more modal-average concentrations were below the gas analyzer detection limit.  The proportion 

of vehicles satisfying this criterion was 100 percent, 91 percent, 86 percent, and 93 percent for 

CO2, CO, HC, and NOx, respectively.  Vehicles violating this criterion were referred to as 

exceptional.  A vehicle can be exceptional for one pollutant (e.g., HC) and not others.  Thus, 

there can be differences in the vehicles identified as exceptional for one pollutant versus another 

within a vehicle group.  

The goodness-of-fit of the calibrated models based on calibration data was assessed with 

and without exceptional vehicles.  The effect of excluding exceptional vehicles on mean 

emission rates for a vehicle group was quantified to assess potential bias. 

4.3.3 Model validation 

Each of the VSP modal and OpMode models was validated based on 838 inbound one-

way trips.  For each model, the model predicted CAERs for each vehicle and each inbound trip 

were compared to the empirical CAERs within each vehicle group and for all vehicles.  To 

assess the precision and accuracy of the calibrated model when applied to predict CAERs for the 

validation data, a linear least squares regression model without intercept was used.  

The vehicle sample represents a wide range of vehicle characteristics and emission 

standards.  Each vehicle was measured on designated routes which include a wide range of road 

characteristics.  The mean trip-based CAERs for each pollutant represent macroscopic emission 

rates for the measured road network.  By distance, Route 1 comprises 78% of interstates and 

Route 3 comprises 73% of major arterials.  Thus, mean CAERs on Routes 1 and 3 represent 

macroscopic emission rates for interstates and major arterials, respectively.  The mean trip-based 
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CAERs were compared for model predictions versus empirical data based on measured vehicles 

and validation inbound cycles. 

4.3.4 Model comparison 

To evaluate the similarities between the models, the predicted CAERs for both models, 

based on validation cycles, were compared to each other.  The comparison was based on 214 

LDGVs and 838 inbound one-way trips.  The R2 and slope of a linear least squares regression 

model without intercept were used to quantify the similarity of predicted CAERs for each 

pollutant.  The mean macroscopic trip-based CAERs for each pollutant were also compared 

between models. 

4.4 Results 

Results include: (1) overview of the measured vehicles and cycles; (2) model calibration; 

(3) model validation; and (4) inter-model comparison. 

4.4.1 Overview of the measured vehicles and cycles 

The measured vehicles represent a range of vehicle characteristics.  Figure 4.1 shows the 

distributions of vehicle characteristics for the measured 214 LDGVs including model year, body 

type, curb weight, accumulated mileage, engine displacement, rated horsepower, compression 

ratio, and emission standard.  The vehicle sample covers a wide range of each of these 

characteristics.  Almost two-thirds of the sample are Tier 2 vehicles.  Approximately 14 percent 

of the sample was certified to a California standard.   

Figure 4.2 shows the distributions of cycle average speed, and the average percent time 

spent in each VSP Mode and MOVES OpMode, for the 214 LDGVs.  Cycle average speeds 

range from approximately 15 to 65 mph for both outbound and inbound trips.  For high VSP, 

represented by VSP modes 10-14, an average of 8.7 percent and 8.5 percent of time was spent  
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       (a) Model Year      (b) Vehicle Body Type 

  
      (c) Curb Weight      (d) Accumulated Mileage 

  
       (e) Engine Displacement     (f) Rated Engine Horsepower 

  
        (g) Compression Ratio     (h) Emission Standard 

Figure 4.1. Distributions of vehicle characteristics for 214 light duty gasoline vehicles (LDGVs): 

(a) model year; (b) body type; (c) curb weight; (d) accumulated mileage; (e) engine 

displacement; (f) rated engine horsepower; (g) compression ratio; and (h) emission standard.  

SUV: Sport Utility Vehicle; LEV: Low Emission Vehicle; ULEV: Ultra Low Emission Vehicle. 
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(a) Cycle Average Speed 

 
(b) Percent of Time Spent in VSP modes 

 
(c) Percent of Time Spent in MOVES OpModes 

Figure 4.2. Distributions of cycle characteristics for outbound and inbound cycles for 214 light 

duty gasoline vehicles (LDGVs): (a) frequency distribution for cycle average speed; (b) percent 

of time spent in Vehicle Specific Power (VSP) modes; and (c) percent of time spent in MOVES 

Operating Modes (OpModes).  Error bars are 95% confidence intervals based on the mean of 214 

LDGVs for each mode. 
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for outbound and inbound trips, respectively.  High VSP ranges also occur in OpModes 15-16, 

25-30, and 35-40.  The collective portion of time spent in theses OpModes is 33.9 percent and 

32.6 percent for outbound and inbound trips, respectively.  Thus, on average, outbound and 

inbound trips have similar vehicle activity. 

4.4.2 Model calibration  

Figure 4.3 shows the average modal emission rates of 214 LDGVs for VSP modes and 

MOVES OpModes for each pollutant.  The average VSP modal rates increase monotonically 

with positive VSP.  However, as shown later, there are some exceptions to this trend for 

individual vehicles.  For each pollutant, the modal-average rates are lowest for mode 3 and 

highest for mode 14.  For example, the average modal CO2 emission rates increase from 1.2 g/s 

in mode 3 to 11.1 g/s in mode 14.  The ratio of the highest to lowest average modal CO2 rates is 

9.4.  This ratio is 125, 9.8, and 35 for CO, HC, and NOx, respectively.  Thus, compared to CO2 

and HC, the variability in modal emission rates for CO and NOx is larger with respect to VSP. 

The average OpMode modal emission rates also increase monotonically with positive 

VSP in each vehicle speed range.  For each pollutant, the lowest modal rates are in OpMode 1, 

and the highest rates are in OpMode 30.  The ratio of the highest to lowest average modal rates is 

11, 127, 13, and 75 for CO2, CO, HC, and NOx, respectively.  These ratios are slightly higher 

than those estimated based on VSP modes. 
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(a) CO2 VSP Modal Rates   (b) CO2 OpMode Modal Rates 

 
(c) CO VSP Modal Rates   (d) CO OpMode Modal Rates 

 
(e) HC VSP Modal Rates   (f) HC OpMode Modal Rates 

 
(g) NOx VSP Modal Rates   (h) NOx OpMode Modal Rates 

Figure 4.3. Average modal emission rates of 214 light duty gasoline vehicles (LDGVs) for the 

Vehicle Specific Power (VSP) modes and MOVES Operating Mode (OpModes) for (a) CO2 

VSP modal rates; (b) CO2 OpMode modal rates; (c) CO VSP modal rates; (d) CO OpMode 

modal rates; (e) HC VSP modal rates; (f) HC OpMode modal rates; (g) NOx VSP modal rates; 

and (h) NOx OpMode modal rates.  Error bars are 95% confidence intervals based on the mean of 

214 LDGVs for each mode. 
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To assess goodness-of-fit of the calibrated models, CAERs are compared between 

predicted versus empirical rates for each vehicle within each vehicle group and for all vehicles.  

Figure 4.4 shows an example of the comparison of CAERs for CO2, CO, HC, and NOx based on 

all vehicles.  The models are precise especially for CO2 and NOx given that R2 is 0.95 and 

higher.  The models are highly accurate, except for HC, given that the slopes for CO2, CO and 

NOx are not significantly different from 1. 

Results of model calibration for all vehicle groups and pollutants, and for both models, 

are given in Table 4.2.  For CO2, the calibrated model is precise, based on R2 of 0.90 and higher 

in all but two cases, and accurate, given that the slopes for each vehicle group and model are not 

significantly different from 1.  For CO, there is more variability in the R2 and slope.  The CO 

precision is high only for T1PC vehicles, and otherwise is typically moderate with R2 in the 

range of 0.61 to 0.78 with only a few cases that have R2 of 0.80 or greater.  Although in most 

cases the slopes are not significantly different from 1, numerically they are highly variable and 

often biased low by as much as 20 to 35 percent.  Some vehicles have very low modal-average 

CO concentrations that are below the gas analyzer detection limit, particularly for low power 

demand modes, while some vehicles have very nonlinear trends in modal-average CO emission 

rates especially at high power demand related to short intervals of open loop engine operation to 

protect the catalytic converter from overheating (31).  The precision and accuracy for HC is 

relatively low compared to other pollutants because a larger share of vehicles have modal-

average HC concentrations, especially at low to moderate power demand, that are below the gas 

analyzer detection limit.  In contrast, the goodness-of-fit is generally good for NOx, with R2 as 

high as 0.97 in two cases and with half of the R2 values exceeding 0.80, combined with slopes 

for most cases that are not significantly different from 1.  However, there are some vehicle  
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(a) CO2 VSP Model vs Empirical Rate (b) CO2 OpMode Model vs Empirical Rate 

 
(c) CO VSP Model vs Empirical Rate (d) CO OpMode Model vs Empirical Rate 

Figure 4.4. Comparison of model predicted cycle-average emission rates for carbon dioxide 

(CO2), carbon monoxide (CO), hydrocarbons (HC), and nitrogen oxides (NOx) to empirical rates 

for individual vehicles and calibration data for outbound one-way driving cycles: (a) CO2 

Vehicle Specific Power (VSP) model versus empirical rate; (b) CO2 Operating Mode (OpMode) 

model versus empirical rate; (c) CO VSP model versus empirical rate; (d) CO OpMode model 

versus empirical rate; (e) HC VSP model versus empirical rate; (f) HC OpMode model versus 

empirical rate; (g) NOx VSP model versus empirical rate; and (h) NOx OpMode model versus 

empirical rate.  95% confidence interval (CI) of the slope is reported for each plot.   

Continued on next page.
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(e) HC VSP Model vs Empirical Rate (f) HC OpMode Model vs Empirical Rate 

 
(g) NOx VSP Model vs Empirical Rate (h) NOx OpMode Model vs Empirical Rate 

Figure 4.4. Continued. 
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Table 4.2. Assessment of goodness-of-fit of calibrated Vehicle Specific Power (VSP) modal and Operating Mode (OpMode) models 

with exceptional vehicles based on calibration outbound cycles for each pollutant within each vehicle group and for all vehicles.   

Pollutants Statistics 

Vehicle Group 

T1PC T1PT T2PC T2PT T3PC T3PT 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

CO2 

No. of cycles 52 52 19 19 297 297 218 218 56 56 39 39 

No. of vehicles 13 13 5 5 77 77 55 55 14 14 10 10 

Slope  

(±½*95% CI) 
1.005 

(±0.016) 

1.008 

(±0.014) 

1.012 

(±0.041) 

1.004 

(±0.022) 

1.001 

(±0.007) 

1.005 

(±0.006) 

1.002 

(±0.009) 

1.000 

(±0.006) 

1.000 

(±0.015) 

1.004 

(±0.013) 

1.010 

(±0.018) 

1.008 

(±0.016) 

R2 0.91 0.93 0.81 0.93 0.90 0.93 0.90 0.93 0.91 0.93 0.91 0.92 

CO 

No. of cycles 52 52 19 19 297 297 218 218 56 56 39 39 

No. of vehicles 13 13 5 5 77 77 55 55 14 14 10 10 

Slope  

(±½*95% CI) 
0.963 

(±0.048) 

0.970 

(±0.045) 

0.790 

(±0.237) 

0.875 

(±0.140) 

0.965 

(±0.046) 

0.970 

(±0.043) 

1.027 

(±0.058) 

1.038 

(±0.048) 

0.704 

(±0.081) 

0.699 

(±0.083) 
0.873 

(±0.139) 

0.901 

(±0.118) 

R2 0.93 0.94 0.69 0.81 0.81 0.83 0.70 0.78 0.75 0.74 0.62 0.73 

HC 

No. of cycles 52 52 19 19 297 297 218 218 56 56 39 39 

No. of vehicles 13 13 5 5 77 77 55 55 14 14 10 10 

Slope  

(±½*95% CI) 

0.915 

(±0.075) 

0.924 

(±0.069) 
1.010 

(±0.231) 

1.021 

(±0.204) 

1.187 

(±0.060) 

1.172 

(±0.057) 

1.228 

(±0.053) 

1.231 

(±0.053) 
0.938 

(±0.111) 

0.946 

(±0.107) 

0.713 

(±0.131) 

0.722 

(±0.123) 

R2 0.78 0.83 0.55 0.57 0.60 0.63 0.71 0.71 0.58 0.60 0.59 0.63 

NOx 

No. of cycles 52 52 19 19 297 297 218 218 56 56 39 39 

No. of vehicles 13 13 5 5 77 77 55 55 14 14 10 10 

Slope  

(±½*95% CI) 
0.953 

(±0.050) 

0.955 

(±0.045) 

0.916 

(±0.188) 

0.940 

(±0.119) 

1.001 

(±0.023) 

1.020 

(±0.022) 

0.985 

(±0.044) 

0.966 

(±0.036) 

0.903 

(±0.083) 

0.922 

(±0.071) 

0.880 

(±0.095) 

0.879 

(±0.080) 

R2 0.90 0.92 0.70 0.84 0.96 0.97 0.79 0.88 0.61 0.67 0.71 0.78 

Continued on next page. 
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Table 4.2. Continued. 

Pollutants Statistics 

Vehicle Group 

HEV LEV ULEV All  

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

CO2 

No. of cycles 40 40 62 62 28 28 839 839 

No. of vehicles 10 10 16 16 7 7 214 214 

Slope  

(±½*95% CI) 
1.005 

(±0.023) 

1.004 

(±0.016) 

1.001 

(±0.020) 

1.004 

(±0.014) 

1.003 

(±0.023) 

1.004 

(±0.017) 

1.003 

(±0.005) 

1.004 

(±0.004) 

R2 0.92 0.96 0.91 0.96 0.86 0.91 0.95 0.97 

CO 

No. of cycles 40 40 62 62 28 28 839 839 

No. of vehicles 10 10 16 16 7 7 214 214 

Slope  

(±½*95% CI) 

0.801 

(±0.147) 

0.779 

(±0.148) 

0.861 

(±0.071) 

0.879 

(±0.063) 

0.635 

(±0.298) 

0.749 

(±0.210) 
0.978 

(±0.029) 

0.971 

(±0.030) 

R2 0.62 0.61 0.82 0.86 0.63 0.69 0.76 0.82 

HC 

No. of cycles 40 40 62 62 28 28 839 839 

No. of vehicles 10 10 16 16 7 7 214 214 

Slope  

(±½*95% CI) 

0.687 

(±0.112) 

0.692 

(±0.110) 
0.962 

(±0.094) 

0.964 

(±0.083) 

0.951 

(±0.134) 

0.955 

(±0.115) 

1.132 

(±0.029) 

1.125 

(±0.027) 

R2 0.66 0.67 0.73 0.79 0.77 0.82 0.71 0.73 

NOx 

No. of cycles 40 40 62 62 28 28 839 839 

No. of vehicles 10 10 16 16 7 7 214 214 

Slope  

(±½*95% CI) 

0.792 

(±0.109) 

0.837 

(±0.084) 

0.990 

(±0.097) 

0.962 

(±0.064) 

0.766 

(±0.191) 

0.755 

(±0.195) 

1.001 

(±0.016) 

1.008 

(±0.012) 

R2 0.74 0.86 0.69 0.86 0.63 0.65 0.95 0.97 

Notes: 1. T1PC: Tier 1 Passenger Car; T1PT: Tier 1 Passenger Truck; T2PC: Tier 2 Passenger Car; T2PT: Tier 2 Passenger Truck; T3PC: Tier 3  

Passenger Car; T3PT: Tier 3 Passenger Truck; HEV: Hybrid-Electric Vehicle; LEV: Low Emission Vehicle; ULEV: Ultra Low 

Emission Vehicle. 

2. ±½*95%CI: ± half of 95% confidence interval; R2: coefficients of determination. 

 3. Bold and italic numbers indicate slopes not significantly different from 1. 

4. Linear least squares regression without intercept is used to fit for model predicted versus empirical cycle-average emission rates. 
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groups, most notably Tier 3, HEVs, and ULEVs, for which the goodness-of-fit is relatively weak 

compared to other cases.  These three vehicle groups have the lowest average emission rates 

compared to other groups and a higher proportion of measurements at or below the detection 

limit of the gas analyzers. 

In addition, sensitivity analysis of goodness-of-fit was conducted for non-zero intercepts.  

On average, R2 and slope differ by only 0.015 and 0.08, respectively, for non-zero compared to 

zero intercept, indicating that the inferred precision and accuracy is similar. 

For the exceptional vehicles in each vehicle group, there are no significant differences in 

mean vehicle speed, acceleration, road grade, and VSP compared to the unexceptional vehicles.  

An exceptional vehicle is caused by non-monotonicity of modal-average rates for positive VSP 

as a result of modal-average concentrations below detection limit and/or artifacts of small sample 

size for modes.  Figure 4.5 shows an example of trends in modal-average concentrations, modal-

average rates, sample size, and predicted CAERs that are typical of those for exceptional 

vehicles.  For this example vehicle, the HC modal-average rates did not have consistent 

monotonic increases with positive VSP, as indicated for example by the decline in modal-

average rate such as at VSP modes 11 and 12, and OpModes 23, 27, 29, and 37-40.  This is a 

Tier 3 low emitting vehicle for which the modal-average HC concentrations were 6 ppm or less, 

which is lower than the gas analyzer detection limit of 13 ppm, as shown in Figure 4.5(a) and 

(b).  The modal-average HC concentrations have a non-monotonic trend in positive VSP at VSP 

modes 6-12, and at OpModes 14, 16, 23, 24, 27-29, 37-40.  The sample size, particularly in the 

high VSP modes such as VSP modes 12-14, OpModes 29, 30, and 40, is small, as shown in 

Figure 4.5(e) and (f).  The comparison of modal model predicted versus empirical HC emission  
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(a) HC VSP Modal Concentrations  (b) HC OpMode Modal Concentrations 

 
(c) HC VSP Modal Rates    (d) HC OpMode Modal Rates 

Figure 4.5. An example of an exceptional vehicle (2017 Hyundai SantaFe) identified in both the 

Tier 3 passenger truck vehicle group and All vehicle group for: (a) hydrocarbons (HC) Vehicle 

Specific Power (VSP) modal concentrations; (b) HC Operating Mode (OpMode) modal 

concentrations; (c) HC VSP modal rates; (d) HC OpMode modal rates; (e) sample size in each 

VSP mode; (f) sample size in each OpMode; (g) HC VSP model versus empirical rates based on 

4 calibration outbound cycles; and (h) HC OpMode model versus empirical rates based on 4 

calibration outbound cycles.  Error bars are 95% confidence intervals of the mean. 

Continued on next page.
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(e) Sample Size in Each VSP Mode   (f) Sample Size in Each MOVES OpMode 

 
(g) HC VSP Model vs Empirical Rates          (h) HC OpMode Model vs Empirical Rates 

Figure 4.5. Continued. 

 

rates is shown in Figure 4.5(g) and (h).  Empirical HC emission rates range from 4 mg/mile to 43 

mg/mile among the outbound cycles.  However, due to non-monotonicity of modal-average rates 

for positive VSP, both model predictions ranged only from 8 mg/mile to 13 mg/mile among the 

cycles.  The fitted slopes of 0.09 for the VSP modal model and 0.11 for the OpMode model are 

much smaller than the criterion (i.e., <0.7).  Exceptional combinations of vehicles and pollutants 

(other than CO2) were identified for nearly all vehicle groups except for T1PC for CO, except for 

T1PT for HC, and except for T1PC and LEV for NOx.  Twenty percent or fewer vehicles in a 
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group were exceptional.  For vehicles with low emission rates such as Tier 3, HEV, and ULEV, 

the lack of monotonicity with positive VSP is an artifact of random errors in measured 

concentrations below the detection limit, small sample size particularly in the high VSP modes, 

or both. 

The precision and accuracy of calibrated models for which exceptional vehicles were 

deleted is indicated in Table 4.3.  There is no change in results for CO2, since there were no 

exceptional vehicles for this pollutant.  However, compared to Table 4.2, the removal of 

exceptional vehicles for CO, HC, and NOx in the affected vehicle groups substantially improves 

the goodness-of-fit of the calibrated models, implying that model calibration is very sensitive to 

non-monotonicity of modal-average rates for positive VSP.  For example, for CO, the precision 

improves for all but one vehicle group and model for which one or more exceptional vehicles 

were removed, and the slope improves for all cases.  For HC, the precision improves for all of 

the affected vehicle groups except for HEV and ULEV, for which there was little change, and the 

accuracy improves in all cases.  Although some slopes are numerically different from 1 by as 

much as 13 percent, the majority are within ±5 percent and none are significantly different from 

1.  For NOx, the precision improved for most cases, and the accuracy improved in all cases. 

Exceptional vehicles were found in 26 combinations of vehicle groups and pollutants.  

For an average vehicle in each vehicle group, excluding exceptional vehicles does not 

substantially alter the CAERs estimates compared to including exceptional vehicles.  The 

average percentage difference in CAERs estimates for excluding versus including exceptional 

vehicles is only 4% and 3% for the VSP and OpMode model, respectively.  
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Table 4.3. Assessment of goodness-of-fit of calibrated Vehicle Specific Power (VSP) modal and Operating Mode (OpMode) models 

without exceptional vehicles based on calibration outbound cycles for each pollutant within each vehicle group and for all vehicles.   

Pollutants Statistics 

Vehicle Group 

T1PC T1PT T2PC T2PT T3PC T3PT 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

CO2 

No. of cycles 52 52 19 19 297 297 218 218 56 56 39 39 

No. of vehicles 13 13 5 5 77 77 55 55 14 14 10 10 

Slope  

(±½*95% CI) 
1.005 

(±0.016) 

1.008 

(±0.014) 

1.012 

(±0.041) 

1.004 

(±0.022) 

1.001 

(±0.007) 

1.005 

(±0.006) 

1.002 

(±0.009) 

1.000 

(±0.006) 

1.000 

(±0.015) 

1.004 

(±0.013) 

1.010 

(±0.018) 

1.008 

(±0.016) 

R2 0.91 0.93 0.81 0.93 0.90 0.93 0.90 0.93 0.91 0.93 0.91 0.92 

CO 

No. of cycles 52 52 15 15 279 279 206 206 48 48 32 32 

No. of vehicles 13 13 4 4 72 72 52 52 12 12 8 8 

Slope  

(±½*95% CI) 
0.963 

(±0.048) 

0.970 

(±0.045) 

0.982 

(±0.165) 

0.985 

(±0.107) 

0.967 

(±0.038) 

0.971 

(±0.036) 

1.025 

(±0.051) 

1.034 

(±0.043) 

0.875 

(±0.125) 

0.871 

(±0.139) 

0.967 

(±0.153) 

1.006 

(±0.138) 

R2 0.93 0.94 0.80 0.91 0.82 0.84 0.71 0.81 0.76 0.75 0.65 0.74 

HC 

No. of cycles 44 44 19 19 257 257 178 178 48 48 31 31 

No. of vehicles 11 11 5 5 66 66 45 45 12 12 8 8 

Slope  

(±½*95% CI) 
0.926 

(±0.078) 

0.932 

(±0.072) 

1.010 

(±0.231) 

1.021 

(±0.204) 

1.043 

(±0.045) 

1.033 

(±0.041) 

1.037 

(±0.045) 

1.016 

(±0.039) 

0.956 

(±0.098) 

0.971 

(±0.093) 

0.907 

(±0.118) 

0.916 

(±0.108) 

R2 0.82 0.86 0.55 0.57 0.74 0.77 0.85 0.88 0.59 0.63 0.73 0.65 

NOx 

No. of cycles 52 52 15 15 283 283 210 210 48 48 31 31 

No. of vehicles 13 13 4 4 73 73 53 53 12 12 8 8 

Slope  

(±½*95% CI) 
0.953 

(±0.050) 

0.955 

(±0.045) 

0.940 

(±0.098) 

0.951 

(±0.068) 

1.000 

(±0.023) 

0.998 

(±0.019) 

0.986 

(±0.040) 

0.967 

(±0.035) 

0.957 

(±0.087) 

0.977 

(±0.074) 

0.967 

(±0.071) 

0.977 

(±0.071) 

R2 0.90 0.92 0.89 0.95 0.96 0.97 0.80 0.89 0.62 0.66 0.77 0.79 

Continued on next page. 
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Table 4.3. Continued. 

Pollutants Statistics 

Vehicle Group 

HEV LEV ULEV All  

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

CO2 

No. of cycles 40 40 62 62 28 28 839 839 

No. of vehicles 10 10 16 16 7 7 214 214 

Slope  

(±½*95% CI) 
1.005 

(±0.023) 

1.004 

(±0.016) 

1.001 

(±0.020) 

1.004 

(±0.014) 

1.003 

(±0.023) 

1.004 

(±0.017) 

1.003 

(±0.005) 

1.004 

(±0.004) 

R2 0.92 0.96 0.91 0.96 0.86 0.91 0.95 0.97 

CO 

No. of cycles 32 32 50 50 24 24 765 765 

No. of vehicles 8 8 13 13 6 6 195 195 

Slope  

(±½*95% CI) 
1.009 

(±0.121) 

0.999 

(±0.109) 

0.955 

(±0.049) 

0.996 

(±0.045) 

0.884 

(±0.178) 

1.013 

(±0.127) 

0.979 

(±0.025) 

0.974 

(±0.027) 

R2 0.85 0.87 0.94 0.96 0.78 0.85 0.75 0.82 

HC 

No. of cycles 32 32 58 58 24 24 717 717 

No. of vehicles 8 8 15 15 6 6 183 183 

Slope  

(±½*95% CI) 
0.873 

(±0.152) 

0.878 

(±0.151) 

0.964 

(±0.098) 

0.968 

(±0.085) 

0.957 

(±0.161) 

0.960 

(±0.139) 

1.030 

(±0.032) 

1.023 

(±0.029) 

R2 0.63 0.63 0.73 0.79 0.75 0.82 0.78 0.81 

NOx 

No. of cycles 32 32 62 62 24 24 787 787 

No. of vehicles 8 8 16 16 6 6 200 200 

Slope  

(±½*95% CI) 

0.860 

(±0.142) 

0.875 

(±0.130) 

0.990 

(±0.097) 

0.962 

(±0.064) 

0.896 

(±0.132) 

0.892 

(±0.124) 

1.001 

(±0.015) 

1.007 

(±0.012) 

R2 0.77 0.89 0.69 0.86 0.75 0.78 0.95 0.97 

Notes: 1. T1PC: Tier 1 Passenger Car; T1PT: Tier 1 Passenger Truck; T2PC: Tier 2 Passenger Car; T2PT: Tier 2 Passenger Truck; T3PC: Tier 3  

Passenger Car; T3PT: Tier 3 Passenger Truck; HEV: Hybrid-Electric Vehicle; LEV: Low Emission Vehicle; ULEV: Ultra Low 

Emission Vehicle. 

2. ±½*95%CI: ± half of 95% confidence interval; R2: coefficients of determination. 

 3. Bold and italic numbers indicate slopes not significantly different from 1. 

4. Linear least squares regression without intercept is used to fit for model predicted versus empirical cycle-average emission rates. 

5. Shaded areas indicate there were no exceptional vehicles.  The numbers are the same as in Table 4.2. 

6. For the All vehicle group, the number of exceptional vehicles is the same as the sum of the number of exceptional vehicles in each 

constituent vehicle group. 
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4.4.3 Model validation 

CAERs are compared between calibrated modal model predicted rates versus inbound 

trip empirical rates for each individual vehicle within each vehicle group and for all vehicles.  

Table 4.4 summarizes the validation results without exceptional vehicles for each vehicle group 

and all vehicles. 

For CO2, the models are highly precise, with R2 of 0.90 or greater, for nearly all cases, 

and just slightly below 0.90 for the remaining case.  Although the slope for all vehicles for the 

VSP modal model is significantly different from 1, its value of 1.008 is not substantially 

different from one.  All other CO2 model slopes are not significantly different from 1.  Thus, the 

CO2 models are validated to be accurate in all cases.  The R2 and slope values for model 

validation are approximately similar to those for model calibration, with some being higher and 

some being lower with only small absolute differences of 0.01 for R2 and 0.01 for the slope.  

Thus, the model goodness-of-fit to validation data is similar to that for calibration data. 

For CO, the model goodness-of-fit is approximately the same for the validation compared 

to the calibration data, with some random variations in absolute differences of R2 and slopes 

among vehicle groups and models.  The R2 values tend to be relatively low, in the range of 0.60 

to 0.75, for the low emitting Tier 3 vehicle groups, and highest, in the range of 0.91 to 0.98, for 

the higher emitting Tier 1 vehicle groups.  The models are accurate to within ±10 percent in most 

cases except for the low emitting T3PT, HEV, and ULEV vehicle groups, for which the bias is 

between 10 percent to 19 percent under-prediction.   
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Table 4.4. Assessment of goodness-of-fit of calibrated Vehicle Specific Power (VSP) modal and Operating Mode (OpMode) models 

without exceptional vehicles based on validation inbound cycles for each pollutant within each vehicle group and for all vehicles. 

Pollutants Statistics 

Vehicle Group 

T1PC T1PT T2PC T2PT T3PC T3PT 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

CO2 

No. of cycles 52 52 18 18 297 297 218 218 56 56 39 39 

No. of vehicles 13 13 5 5 77 77 55 55 14 14 10 10 

Slope  

(±½*95% CI) 
1.015 

(±0.016) 

1.008 

(±0.010) 

1.023 

(±0.037) 

1.003 

(±0.024) 

1.007 

(±0.007) 

1.004 

(±0.005) 

1.005 

(±0.008) 

0.997 

(±0.006) 

1.011 

(±0.014) 

1.008 

(±0.012) 

1.005 

(±0.011) 

1.002 

(±0.011) 

R2 0.95 0.93 0.88 0.94 0.93 0.96 0.89 0.94 0.92 0.94 0.96 0.96 

CO 

No. of cycles 52 52 14 14 279 279 206 206 48 48 32 32 

No. of vehicles 13 13 4 4 72 72 52 52 12 12 8 8 

Slope  

(±½*95% CI) 
1.005 

(±0.039) 

1.006 

(±0.036) 

1.095 

(±0.127) 

1.052 

(±0.059) 

1.034 

(±0.042) 

1.035 

(±0.042) 

0.952 

(±0.051) 

0.941 

(±0.049) 
0.920 

(±0.106) 

0.901 

(±0.111) 

0.896 

(±0.127) 

0.873 

(±0.136) 

R2 0.96 0.96 0.91 0.98 0.81 0.80 0.69 0.72 0.75 0.72 0.65 0.60 

HC 

No. of cycles 44 44 18 18 257 257 178 178 48 48 31 31 

No. of vehicles 11 11 5 5 66 66 45 45 12 12 8 8 

Slope  

(±½*95% CI) 

0.919 

(±0.071) 
0.953 

(±0.062) 

0.826 

(±0.193) 

0.812 

(±0.175) 
0.991 

(±0.039) 

0.979 

(±0.038) 

1.006 

(±0.049) 

0.988 

(±0.050) 

0.853 

(±0.100) 

0.858 

(±0.094) 
0.871 

(±0.140) 

0.864 

(±0.135) 

R2 0.85 0.90 0.66 0.65 0.77 0.78 0.84 0.84 0.61 0.63 0.74 0.77 

NOx 

No. of cycles 52 52 14 14 283 283 210 210 48 48 31 31 

No. of vehicles 13 13 4 4 73 73 53 53 12 12 8 8 

Slope  

(±½*95% CI) 
1.033 

(±0.038) 

1.027 

(±0.032) 

1.052 

(±0.095) 

1.039 

(±0.074) 

0.995 

(±0.026) 

0.978 

(±0.018) 
0.963 

(±0.042) 

0.968 

(±0.035) 

0.867 

(±0.088) 

0.870 

(±0.086) 
0.948 

(±0.077) 

0.949 

(±0.072) 

R2 0.95 0.96 0.93 0.96 0.94 0.97 0.80 0.87 0.63 0.64 0.73 0.76 

Continued on next page. 
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Table 4.4. Continued. 

Pollutants Statistics 

Vehicle Group 

HEV LEV ULEV All  

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

VSP  

Model 

OpMode  

Model 

CO2 

No. of cycles 40 40 62 62 28 28 838 838 

No. of vehicles 10 10 16 16 7 7 214 214 

Slope  

(±½*95% CI) 
1.008 

(±0.023) 

0.999 

(±0.015) 

1.015 

(±0.021) 

1.011 

(±0.011) 

1.008 

(±0.018) 

1.002 

(±0.014) 

1.008 

(±0.004) 
1.002 

(±0.003) 

R2 0.92 0.97 0.92 0.97 0.92 0.94 0.95 0.98 

CO 

No. of cycles 32 32 50 50 24 24 764 764 

No. of vehicles 8 8 13 13 6 6 195 195 

Slope  

(±½*95% CI) 
0.877 

(±0.130) 

0.892 

(±0.102) 
0.943 

(±0.083) 

0.978 

(±0.069) 

0.812 

(±0.177) 
0.854 

(±0.156) 

1.029 

(±0.027) 
1.019 

(±0.025) 

R2 0.78 0.89 0.80 0.87 0.77 0.86 0.75 0.78 

HC 

No. of cycles 32 32 58 58 24 24 715 715 

No. of vehicles 8 8 15 15 6 6 183 183 

Slope  

(±½*95% CI) 

0.773 

(±0.069) 

0.779 

(±0.065) 
0.934 

(±0.075) 

0.935 

(±0.069) 

0.990 

(±0.091) 

0.985 

(±0.084) 

0.981 

(±0.022) 

0.970 

(±0.019) 

R2 0.89 0.90 0.84 0.86 0.95 0.96 0.83 0.86 

NOx 

No. of cycles 32 32 62 62 24 24 786 786 

No. of vehicles 8 8 16 16 6 6 200 200 

Slope  

(±½*95% CI) 

0.871 

(±0.128) 

0.886 

(±0.122) 

0.931 

(±0.098) 

0.984 

(±0.057) 

1.013 

(±0.130) 

1.031 

(±0.094) 

1.013 

(±0.016) 

0.975 

(±0.011) 

R2 0.80 0.82 0.79 0.87 0.71 0.79 0.94 0.97 

Notes: 1. T1PC: Tier 1 Passenger Car; T1PT: Tier 1 Passenger Truck; T2PC: Tier 2 Passenger Car; T2PT: Tier 2 Passenger Truck; T3PC: Tier 3  

Passenger Car; T3PT: Tier 3 Passenger Truck; HEV: Hybrid-Electric Vehicle; LEV: Low Emission Vehicle; ULEV: Ultra Low 

Emission Vehicle. 

2. ±½*95%CI: ± half of 95% confidence interval; R2: coefficients of determination. 

 3. Bold and italic numbers indicate slopes not significantly different from 1. 

4. Linear least squares regression without intercept is used to fit for model predicted versus empirical cycle-average emission rates. 

5. For the All vehicle group, the number of exceptional vehicles is the same as the sum of the number of exceptional vehicles in each 

constituent vehicle group.
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For HC, the goodness-of-fit of the model to the validation data is generally slightly better 

than for the calibration data in terms of precision, with higher R2 values for 16 of the 20 vehicle 

group and model cases, but slightly worse in terms of accuracy, with slopes slightly farther from 

1 for 12 of the 20 cases.  The precision is generally moderate, with R2 as low as 0.61 for T3PC, 

to high, with R2 of 0.96 for the ULEV vehicle group.  The slopes are not significantly different 

from 1 for 12 cases.  The model accuracy is relatively poor for HEVs, for which HC emission 

rates tend to be very low. 

For NOx, the model validation is highly precise for Tier 1 vehicles, T2PC, and all 

vehicles, for which R2 values are 0.93 or higher.  The precision is relatively low for the lower 

emitting Tier 3 vehicles, for which the R2 ranges from 0.63 to 0.76.  The model accuracy is 

generally good in that the slope is not significantly different from 1 in most cases, or in that the 

slope is within 10 percent of 1 for all but 4 cases, including low emitting T3PC and HEV vehicle 

groups.    

On average, over all vehicle groups, pollutants, and models, there is little difference in R2 

and slope for model validation compared to model calibration.  Thus, the model performance is 

approximately similar for the validation versus calibration data, with some increases and some 

decreases in both R2 and slope compared to calibration. 

For macroscopic emission rates, the mean empirical trip-based CAERs based on 214 

vehicles and 838 inbound trips are 372 g/mile, 1,047 mg/mile, 45 mg/mile, and 119 mg/mile for 

CO2, CO, HC, and NOx, respectively.  Compared to the empirical data, the mean predicted 

CAERs differed by only 0.6%, 3.6%, -7.6%, and 4.8% for the VSP modal model, and by only 

0.1%, 1.8%, -8.4%, and 2.7% for the OpMode model, for each pollutant, respectively.  

Therefore, the macroscopic predictions of both models are accurate within ±9 percent.  For 
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interstates and major arterials, as represented by Routes 1 and 3, respectively, the models are 

similarly accurate.  

4.4.4 Inter -model comparison 

The modal model predicted CAERs are compared for the VSP versus OpMode model in 

Figure 4.6 based on 214 LDGVs and the 838 validation driving cycles.  Thus, the comparison is 

based on all vehicles, including exceptional vehicles. The predicted CAERs for both models are 

similar.  The slopes vary from 0.99 to 1.02, depending on the pollutant, indicating similarity 

between the models.  The model-based predictions for CO2, CO, and HC are not significantly 

different.  The difference in model-based predications for NOx is within 2 percent, which is not 

substantially different even though it is significantly different.  The R2 varies from 0.96 to 0.99, 

depending on the pollutant, indicating a high correlation between the models.   

When exception vehicles are excluded, the slope, 95% confidence interval of the slope, 

and R2 for CO, HC, and NOx do not change compared to the results shown in Figure 4.6.  There 

are no exceptional vehicles for CO2.  The mean macroscopic trip-based CAERs predicted by the 

VSP modal model are only 0.6 to 2.0 percent higher than predicted by the OpMode model, 

depending on the pollutant.  Thus, the two modeling approaches predict consistent CAERs for 

each pollutant. 
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(a) Carbon Dioxide (CO2)    (b) Carbon Monoxide (CO) 

 
(c) Hydrocarbons (HC)    (d) Nitrogen Oxides (NOx) 

Figure 4.6. Inter-model comparison of predicted cycle-average emission rates for Vehicle 

Specific Power (VSP) modal model versus Operating Mode (OpMode) model for 214 light duty 

gasoline vehicles (LDGVs) based on 838 inbound one-way trips for (a) CO2; (b) CO; (c) HC; 

and (d) NOx.  95% confidence interval (CI) of the slope is reported for each plot.
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4.5 Conclusions 

Both the VSP and OpMode models explain a wide range of variability in emission rates, 

with ratios of high to low modal-average rates ranging from approximately 10 for CO2 to over 

100 for CO.  For both modal models, average vehicle modal emission rates typically increase 

monotonically with positive VSP.  A non-monotonic trend in modal rates with positive VSP can 

generate bias in estimating CAERs, thus affecting precision and accuracy compared to empirical 

data.  Thus, the precision and accuracy of these models is adversely affected by anomalous data 

for some vehicles.  The trend in modal-average rates can be affected by modal-average pollutant 

concentrations below detection limit and by the small sample size especially at high VSP power 

modes.  When excluding the exceptional vehicles, the goodness-of-fit of the calibrated model is 

improved. 

Based on model calibration, when excluding exceptional vehicles, model precision 

typically ranges from moderate (R2 = 0.70) to very high (R2 = 0.97) depending on the pollutant 

and vehicle group.  The models typically perform better for higher emitting vehicles compared to 

vehicle groups for which a larger proportion of measured exhaust concentrations are below the 

gas analyzer detection limit.  Both models are not significantly biased and deemed to be accurate 

compared to empirical data for all pollutants and vehicles. 

Based on validation with independent data not used for model calibration, the majority of 

vehicle groups and pollutants have moderate to very high precision.  Model predictions for the 

majority of vehicle groups and pollutants are either not significantly different from empirical 

measurements or accurate within ±10 percent of empirical rates. 

The validation results are comparable to calibration results.  The models are based on 

data for vehicle with a wide range of characteristics that operated over a wide range of average 
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speed and with wide range of power demand.  Thus, the models appear to be robust to inter-

vehicle and inter-cycle differences. 

Both models predict consistent CAERs for each pollutant and each vehicle.  The model 

predictions are similar to each other.  Therefore, VSP modal and MOVES OpMode models are 

precise and accurate based on model validation, and are similar at the microscopic and 

macroscopic levels including for road types such as interstates and major arterials. 

  This study evaluated the precision and accuracy of both modal models for trip-based 

emission rates based on one-way routes.  The methodological framework can be applied to road 

segments that represent specific road types to allow for more detailed comparison of model 

performance by road type. 
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CHAPTER 5:  INTERMODAL COMPARISO N OF TAILPIPE EMISS ION RATES 

BETWEEN TRANSIT BUSES AND PRIVATE VEHICL ES FOR ON-ROAD 

PASSENGER TRANSPORT 

5.1 Abstract 

Modal shift from private vehicles (PVs) to transit buses has the potential to reduce energy 

consumption and emissions from on-road passenger transport.  Comparisons between these 

modes may be sensitive to key factors, such as vehicle size, fuel and powertrains, passenger load, 

and travel routes.  The objectives are to evaluate the sensitivity of emission rates to route 

alignment, and compare emission rates between PVs and transit buses accounting for variability 

in key factors.  Real-world bus speed trajectories were measured on actual bus routes for four 

origin-destination pairs (ODPs).  To evaluate the sensitivity of emission rates to route alignment, 

hypothetical alternative bus routes were posited based on shortest distance, shortest travel time, 

or observed PV routes for each ODP.  Trajectories and emission rates for PVs were quantified 

based on prior measurements of two routes per ODP using portable emission measurement 

systems.  Trip-based tailpipe CO2, CO, total hydrocarbons (THC), NOx, and particulate matter 

(PM) emission rates were estimated for each ODP for gasoline and gasoline-hybrid PVs based on 

a Vehicle Specific Power modal model and for compressed natural gas, diesel, and diesel-hybrid 

buses based on the Transit Bus Emissions Model.  Break-even passenger load (BEPL) was 

quantified to assess the minimum bus passenger load needed to achieve lower per passenger-trip 

emissions compared to PVs.  Bus emission rates per bus-trip on actual bus routes are generally 

higher than those on hypothetical routes.  As a bounding analysis, compared to single-occupancy 

PVs, fully occupied buses are estimated to have 82% to 94% lower CO2, 99% lower to 308% 

higher CO, 99% lower to 145% higher THC, 67% lower to 62% higher NOx, and 94% to 99% 
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lower PM emission rates per passenger-trip depending on vehicle size, fuel and powertrain, 

passenger load, and routes.  BEPL varies depending on vehicle size, fuel and powertrain, travel 

route, and pollutant.  The relative importance of key factors affecting intermodal comparisons 

differs by pollutants.  The intermodal comparison is also affected by interactions among key 

factors, such as passenger load and route alignment, which reinforces the need for joint 

consideration of key factors. 

5.2 Introduction  

Private vehicles (PVs) and public transit buses are common on-road passenger transport 

modes (Davis and Boundy, 2020).  Globally, there are over 1 billion PVs and over 10 million 

transit buses (Frey, 2018; Eckhouse, 2019).  PVs refer here to passenger cars (PCs) and 

passenger trucks (PTs).  PCs and PTs account for about 85% of global PV stock (Davis and 

Boundy, 2020).  The number of PVs and vehicle miles traveled (VMT) has increased over the 

last several decades and will likely continue to increase along with global population growth, 

economic growth, and population shifts to urban areas (Façanha et al., 2012; Rafaj et al., 2014; 

International Energy Agency, 2016; Federal Highway Administration, 2017). 

In the U.S., there were 235 million PVs and 71,100 transit buses accounting for 60% and 

1% of total energy use in transportation, respectively, in 2019 (Davis and Boundy, 2020).  

Ninety-eight percent of U.S. PVs are light duty gasoline vehicles (LDGVs) (U.S. Environmental 

Protection Agency [EPA], 2016a).  U.S. transit buses are typically 30-foot to 60-foot long 

(American Public Transportation Association, 2013).  In 2018, the U.S. transit bus fleet was 

comprised primarily of conventional diesel, compressed natural gas (CNG), and diesel-electric 

hybrid buses (Davis and Boundy, 2020).   
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On-road passenger transport consumes energy, and emits tailpipe greenhouse gases (e.g., 

carbon dioxide [CO2]) and other pollutants, such as carbon monoxide (CO), hydrocarbons (HC), 

nitrogen oxides (NOx), and particulate matter (PM), which degrade air quality and have adverse 

health effects including premature death (EPA, 2009, 2010, 2015a; Health Effects Institute, 

2010; Kim et al., 2013; Intergovernmental Panel on Climate Change, 2014).  HC and NOx are 

precursors for ground-level ozone formation (Seinfeld and Pandis, 2016).  Short-term exposure 

to ground-level ozone causally affects respiratory morbidity (EPA, 2020a).  In 2021, 125 million 

people in the U.S. lived in areas in the non-attainment of the National Ambient Air Quality 

Standards for ozone (EPA, 2021a).  In 2017, 54 quadrillion BTU of energy was consumed for 

global on-road passenger transport, which accounted for almost 70% of the energy consumed for 

all on-road transport (Energy Information Administration, 2018).  On-road passenger transport 

global energy consumption from fossil fuel increased by 75% over the last three decades and is 

anticipated to continuously increase before battery-electric vehicles (BEVs) become dominant in 

the future (Energy Information Administration, 2020). 

To reduce energy consumption and emissions from on-road passenger transport, one 

strategy is to promote transportation modal shift from PVs to public transit such as transit buses 

(National Research Council, 2009; Gallivan and Grant, 2010).  In 2018, 76% of U.S. commuters 

travelled using PVs and less than 5% of U.S. commuters travelled using public transit (The 

Transport Politic, 2021).  Transitioning passengers from PVs to transit buses could help reduce 

VMT and reduce energy consumption and greenhouse gas emissions for on-road passenger 

transport (Cambridge Systematics, 2009; Yuan et al., 2019).  Cambridge Systematics (2009) 

estimated that a 32 billion mile net reduction in VMT per year, including decrease in PV VMT 

and increase in transit VMT, would reduce 14 million metric tons of greenhouse gas emissions.  
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Intermodal comparisons of energy consumption and emissions between PVs and transit buses are 

needed to inform policy decisions and strategies regarding transportation modal shift, such as bus 

procurement, route alignment, and transit routing and coverage in a route network (Hodges, 

2010; U.S. Department of Transportation, 2010; Idris et al., 2015; American Public 

Transportation Association, 2021). 

This work focuses on vehicles with internal combustion engines because they are 

dominant in the current fleet for on-road passenger transport (Davis and Boundy, 2020).  

Although BEVs have started to penetrate into the global market, they account for only a small 

portion of the current fleet (International Energy Agency, 2021).  For example, in the U.S. in 

2020, battery-electric PVs accounted for only 0.5% of PV stock, and battery-electric buses 

accounted for only 4% of transit bus stock (Kane, 2021; Sustainable Bus, 2021).  It may be ten 

years or more before BEVs become dominant at more than 50% of vehicle stock (International 

Energy Agency, 2021). 

Vehicle operational emissions account for a large share of life-cycle emissions (Argonne 

National Laboratory, 2021).  For example, of life-cycle CO2 emissions, operational CO2 

emissions account for 75% for gasoline PCs (GPCs) and gasoline PTs (GPTs), and 86% for both 

CNG and diesel buses.  Operational NOx emissions account for 43% and 61% of life-cycle NOx 

emissions for gasoline PTs (GPTs) and diesel buses, respectively (Argonne National Laboratory, 

2021). 

Key factors affecting intermodal comparison of energy use and operational tailpipe 

emission rates between PVs and transit buses include vehicle size, fuel and powertrain, 

passenger load, and alignment of travel routes (Union of Concerned Scientists, 2008; Hodges, 
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2010; U.S. Department of Transportation, 2010; M.J. Bradley & Associates, 2014; Bigazzi, 

2019; Wei and Frey, 2020a).  However, these key factors are rarely accounted for jointly. 

Vehicle size affects vehicle weight and, thus, tailpipe emission rates (Clark et al., 2002; 

EPA, 2020b).  For example, an average 60-foot bus had 160% heavier curb weight and about 

70% higher CO2 emission rates per vehicle-mile than an average 30-foot bus (Wayne et al., 

2011; Wei and Frey, 2020a). 

Fuel and powertrain affects tailpipe emission rates because of differences in engine 

combustion process (e.g., spark-ignition, compression-ignition), hybridization, post-combustion 

aftertreatment, and fuel components and properties (Nix et al., 2011; National Research Council, 

2015; EPA, 2020c).  For example, for a given passenger load and route, 40-foot CNG buses with 

stoichiometric combustion engines and TWCs have two orders of magnitude higher CO emission 

rates per passenger-mile than 40-foot diesel buses equipped with selective catalytic reduction 

(SCR) and diesel particulate filters (DPFs) (Nix et al., 2011; Yoon et al., 2013). 

Passenger load affects vehicle weight and, thus, tailpipe emission rates, particularly on a 

per passenger basis (Alam and Hatzopoulou, 2014; Yu et al., 2016).  For example, on average, a 

full 60-foot bus had 37% heavier weight and 25% higher CO2 emission rates per vehicle-mile 

than an empty 60-foot bus (Wayne et al., 2011; Wei and Frey, 2020a).  CO2 emission rates per 

passenger-mile for CNG and diesel buses decreased by 95% when passenger load increased from 

1 to 40 (Alam and Hatzopoulou, 2014). 

PV drivers can use online tools to find routes from an origin to destination with shortest 

distance or travel time (Li et al., 2016).  However, bus routes are fixed and generally not aligned 

for shortest distance or shortest travel time (Cats, 2019).  Longer distance and larger travel time 
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may lead to larger bus energy use and emissions for a trip.  However, the effect of route 

alignment on bus energy use and emissions has not been reported in the peer-reviewed literature.   

Existing studies found mixed results for intermodal comparisons because of variability in 

passenger load.  Hodges (2010) reported that CO2 emission rates per passenger-mile for a 

generic transit bus carrying a quarter of its capacity were 33% less than for a generic single-

occupancy private vehicle (SOPV).  In contrast, Bigazzi (2019) estimated that the average 

energy use and CO2 emission rates per passenger-mile were higher for transit buses than for PVs.  

However, passenger loads were not reported for both PVs and buses.  These studies did not 

quantify the variability in energy use and CO2 emission rates related to vehicle size, fuel and 

powertrain, and travel routes for both PVs and transit buses.  Intermodal comparisons for CO, 

HC, NOx, and PM emission rates were not accounted for. 

The Union of Concerned Scientists (2008) compared CO2 emission rates for a generic 

transit bus versus different PV types.  The comparison accounted for the effect of passenger load, 

but the effects of bus size, fuel and powertrain, and travel routes were not taken into account.  

The American Bus Association (2014) compared energy use and CO2 emission rates among 

different passenger transportation modes, including PVs and transit buses, based on 2011 and 

2012 U.S. data.  However, variations in bus size, fuel and powertrain, and travel routes, and 

variations in PV passenger load and travel routes, were not addressed.  Bus and PV emission 

rates for other pollutants were not quantified.   

In addition, accounting for factors separately may neglect possible interactions between 

factors, such as passenger load and travel routes.  Wei and Frey (2020a) found that the effect of 

bus passenger load was larger on bus emission rates for lower speed bus travel routes.  For 

example, on a New York Bus Route (average speed of 3.7 mph), 2010 model year 30-foot diesel 
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buses carrying 40 passengers had 31% higher NOx emission rates per vehicle-mile than those 

carrying 1 passenger.  However, on a King County Metro Route (average speed of 23.4 mph), 

the difference in NOx emission rates per vehicle-mile for 2010 model year 30-foot diesel buses 

carrying 40 versus 1 passengers was only 11% higher.  The variation in percent differences, 

depending on interactions between passenger load and travel routes, may affect the mode choice 

in terms of lower emission rates between PVs and buses. 

Existing studies typically focused on intermodal comparison of energy use and CO2 

emission rates for on-road passenger transport.  However, intermodal comparison of emission 

rates for other pollutants such as CO, HC, NOx, and PM is less common.  The U.S. Department 

of Transportation (DOT) (2010) reported that, compared to a generic PV, a generic diesel transit 

bus had lower emission rates per vehicle-mile for CO and non-methane HC but higher emission 

rates per vehicle-mile for NOx and PM.  However, the variability in emission rates for PVs and 

buses related to vehicle size, fuel and powertrain, passenger load, and travel routes was not 

quantified.  The intermodal comparison of emission rates between PVs and buses could differ by 

pollutants. 

Therefore, the objectives are to:  (1) evaluate the sensitivity of emission rates to route 

alignment; and (2) compare emission rates between PVs and transit buses accounting for key 

factors and their interactions. 

5.3 Methods 

Methods include:  (1) study design; (2) tailpipe exhaust emission rates estimation; (3) 

comparison of route alignment; and (4) intermodal comparison. 
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5.3.1 Study design 

The study design is illustrated in Figure 5.1.  The study design accounted for key factors 

affecting intermodal comparisons of emission rates between PVs and transit buses, including 

vehicle size, fuel and powertrain, passenger load, and routes. 

5.3.1.1 Vehicle type 

Vehicle type is a combination of vehicle size, fuel and powertrain.  For PVs, vehicle size 

is categorized as PCs or PTs.  PCs include vehicle body types such as sedan, wagon, coupe, and 

hatchback.  PTs include vehicle body types such as sport utility vehicle, pickup truck, and 

minivan (U.S. Department of Transportation, 2016).  Spark-ignited gasoline and gasoline-

hybrids were the largest share of U.S. PV new vehicle sales in 2020, at 94% and 4%, 

respectively (Center for Sustainable Energy, 2021).  The share of PTs in the U.S. is observably 

larger than that in European Union and China.  The proportion of PTs in new PV sales in the 

U.S. has increased from 50% to 76% in the last decade (Bureau of Transportation Statistics, 

2021).  In 2020, U.S. PT new vehicle sales were 3.2 times larger than PC new vehicle sales 

(Bureau of Transportation Statistics, 2021).  This ratio in is larger than in European Union (0.8) 

and China (1.1) (Fossdyke, 2021; Statista, 2021). 

For U.S. transit buses, vehicle size is categorized based on bus length, including 30-foot, 

40-foot, and 60-foot long.  Fuels and powertrains for U.S. transit buses in 2018 are primarily 

spark-ignited CNG, and compression-ignited diesel and diesel-hybrid, at 30%, 43%, and 15% of 

national bus stock, respectively (Davis and Boundy, 2020). 
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Figure 5.1. Flowchart of the study design for the intermodal comparison of emission rates per passenger-trip between transit buses and 

private vehicles. Notes: CNG: Compressed Natural Gas; VSP: Vehicle Specific Power. 
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There are 11 vehicle types that are the focus here, including three PV types and eight 

most common bus types in the U.S. fleet.  The three PV types are GPC, GPT, and gasoline-

hybrid electric vehicle (GHEV).  The eight common bus types are 30-, 40-, and 60-foot CNG, 

30-, 40-, and 60-foot diesel, and 40-foot and 60-foot diesel-hybrid buses (American Public 

Transportation Association, 2013; Hughes-Cromwick and Dickens, 2018).  Thirty-foot diesel-

hybrid buses were not taken into account because they are less common in the U.S. 

5.3.1.2 Passenger load 

For each PV type, passenger load was varied from 1 to 4 passengers.  The PV driver is 

counted as a passenger because the driver is not paid and travels from an origin to a destination 

for the purpose of personal travel.  For each transit bus type, passenger load was varied from 1 

passenger to the maximum passenger capacity.  The maximum passenger capacity for a typical 

30-foot, 40-foot, and 60-foot long bus is 40, 60, and 110, respectively, including standing 

passengers (American Public Transportation Association, 2013).  The paid bus driver is not 

counted as a passenger.   

5.3.1.3 Selection of routes 

PV and transit bus routes were selected based on origin-destination pairs (ODPs).  Four 

ODPs were selected, as shown in Figure 5.2.  ODP-1 is from NC State University (NCSU) to 

North Raleigh.  ODP-2 has similar routes to ODP-1 but in the reverse direction.  OPD-3 is from 

North Raleigh to Research Triangle Park (RTP), and ODP-4 is in the reverse direction.  North 

Raleigh is in a residential area.  Many commuters in this area travel between North Raleigh and 

downtown Raleigh (as represented by NCSU) or RTP (Frey et al., 2008). 
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Figure 5.2. Private vehicle and transit bus routes in the study area for: (a) origin-destination pair 

(ODP)-1: from NCSU to North Raleigh; (b) ODP-2: from North Raleigh to NCSU; (c) ODP-3: 

from North Raleigh to RTP; and (d) ODP-4: from RTP to North Raleigh. Notes: Actual: actual 

route; H-AR: hypothetical route - alternative route; H-SD: hypothetical route - shortest distance; 

H-ST: hypothetical route - shortest time; NCSU: North Carolina State University; PV: private 

vehicle; RTP: Research Triangle Park. Source: Map data ©OpenStreetMap. Used under terms of 

permissions. 
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Each ODP has multiple PV and bus routes that account for variability in road functional 

class, such as interstate, principal arterial, and minor arterial.  Emission rates vary among road 

functional classes (Khan et al., 2020).  For each ODP, two PV routes (A and B) were previously 

designed to include a mix of road functional classes (Frey et al., 2008).  In total, there are eight 

PV routes.  The PV routes comprised 110 miles of on-road driving with speed limits ranging 

from 25 mph to 70 mph.  Details of selection of PV routes are given in Frey et al. (2008).  PV 

routes for each ODP were named as ODP-No.-PV-Route ID, such as ODP-1-PV-A, ODP-1-PV-

B, and so on. 

Each ODP has four bus routes, including one actual bus route and three hypothetical 

alternative bus routes.  The actual bus routes are based on multiple bus services, because there 

was not direct service for each ODP.  For each of ODP-1 and OPD-2, GoRaleigh Route 8 

connected with GoTriangle Route 100 at the downtown Raleigh bus terminal.  For each of ODP-

3 and ODP-4, GoRaleigh Route 8 connected with GoTriangle Route 100 at the downtown 

Raleigh bus terminal, and GoTriangle Route 100 connected with GoDurham Route 12B at the 

Regional Transit Center in Durham, NC. 

To assess the sensitivity of bus energy use and emissions to route alignment, for each 

ODP, three alternative routes were posited.  Hypothetical shortest distance (H-SD) and 

hypothetical shortest travel time (H-ST) routes were identified using ArcMap.  A hypothetical 

alternative route (H-AR), with the same alignment as one of the corresponding PV routes, was 

posited for each ODP.  H-AR was specified based on the PV route that overlapped the least with 

H-SD and H-ST routes.  Bus routes for each ODP were named as ODP-No.-Bus-Route ID, such 

as ODP-1-Bus-H-SD, ODP-1-Bus-H-ST, ODP-1-Bus-H-AR, and so on. 
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5.3.1.4 Measurement of trajectories, passenger load, and bus stops 

For each PV route, approximately 230 second-by-second speed trajectories were 

previously measured by the research team at NCSU using an on-board diagnostic scan tool to 

record speed data (Frey et al., 2008; Liu and Frey, 2015; Yuan et al., 2019b; Khan et al., 2020; 

Wei and Frey, 2020b).  For each actual bus route, five second-by-second speed trajectories were 

measured using a global position system (GPS) receiver (Garmin GPSMap 76CSx) by riding 

local transit buses, including GoRaleigh Route 8, GoTriangle Route 100, and GoDurham Route 

12B.  The measurements for each actual bus route were conducted during off-peak periods.  For 

PVs, about 78% of the measurements were conducted during off-peak periods. 

Speed trajectories recorded using GPS receivers are subject to errors and noise (Duran 

and Earleywine, 2012; Yuan et al., 2019).  The trajectories were processed to correct errors and 

noise based on cubic-spline interpolation and SavitzkyïGolay filtering (Yuan and Frey, 2018).  

Cubic-spline interpolation was used to correct errors (e.g., signal loss), and SavitzkyïGolay 

filtering was used to correct noise. 

During the speed trajectory measurements for each actual bus route, the stop-by-stop 

actual passenger load was observed and recorded.  The bus speed trajectory and passenger load 

was used to estimate bus emission rates. 

Bus routes differ from PV routes by having bus stops.  During the measurements for each 

actual bus route, the number of times that the bus stopped at designated bus stops, which is the 

effective number of bus stops, was recorded.  For the hypothetical routes, the effective number of 

bus stops was estimated. 

5.3.2 Emission rate estimation 

PV and transit bus emission rates were estimated using different modeling approaches. 
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5.3.2.1 Private vehicles 

Since 2008, NCSU has used simplified portable emission measurement systems (PEMS) 

to measure LDGV CO2, CO, HC, NOx, and PM tailpipe exhaust concentrations on designated 

real-world routes (Frey et al., 2008; Liu and Frey, 2015; Khan and Frey, 2018; Khan et al., 2020; 

Wei and Frey, 2020b).  Details regarding real-world LDGV emission measurements and analyses 

are given by Frey et al. (2003) for PEMS instrumentation, Frey et al. (2008) for selection of real-

world routes, Wei and Frey (2020b) for real-world emission measurements, and Sandhu and Frey 

(2013) for data processing and quality assurance.   

The simplified PEMS accurately measured CO2, CO, and NOx concentrations within 

±5% (Vu et al., 2020).  HC concentrations were measured using nondispersive infrared (NDIR) 

analyzers.  NDIR responds to variations in HC for straight-chain alkanes but partially responds 

to the total HC (THC) species (Singer et al., 1998; Stephens et al., 1996).  The mean ratio of 

THC to NDIR-based HC concentrations was 2.2 for LDGV tailpipe exhaust (Singer et al., 1998).  

Thus, PV HC concentrations measured from the simplified PEMS were adjusted to THC 

concentrations by multiplying by a factor of 2.2.  PM concentrations were measured using a laser 

light scattering PM sensor in the simplified PEMS.  Compared to PM concentrations measured 

using federal reference methods, PM concentrations measured by the laser light scattering 

detection method were biased low by a factor of 5.0 on average (Durbin et al., 2007; Johnson et 

al., 2011; Khan et al., 2012).  Thus, PV PM concentrations measured from the simplified PEMS 

were adjusted by multiplying by a factor of 5.0. 

PVs certified to Tier 3 emission standards are the focus of emission estimates because 

Tier 3 is the most recent U.S. light duty vehicle (LDV) emission standard applicable to CO, 

THC, NOx, and PM (EPA, 2016a).  The Tier 3 emission standard took effect in 2016 (EPA, 
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2016a) and is likely to continue for the foreseeable future.  EPA may revise the LDV standards 

for fuel economy and CO2 emissions, but these plans are not as yet final (EPA, 2021b).  Since 

2016, 28 Tier 3 PVs were measured, including 15 GPCs, 12 GPTs, and one gasoline-hybrid PC.  

Because of the small sample size, data for the one Tier 3 GHEV was grouped with data for nine 

Tier 2 GHEVs (Liu and Frey, 2015; Wei and Frey, 2020b).  All PVs had three-way catalysts 

(TWCs). 

A 14-mode Vehicle Specific Power (VSP) modal model, based on prior work (Frey et al., 

2002, 2008), was calibrated for each PV type and pollutant.  Route average emission rates 

estimated based on the VSP modal model methodology are similar, within ±2% depending on 

pollutants, to those estimated based on the Operating Mode (OpMode) model approach used in 

the U.S. EPAôs MOtor Vehicle Emission Simulator (MOVES), when calibrated to the same data 

(Wei and Frey, 2020b).  Route average emission rates for a given PV type and trajectory were 

estimated by weighting the VSP modal rates for a given PV type by the fraction of time spent in 

each mode for a given trajectory. 

There have been few empirical studies to quantify the effect of passenger load on PV 

emission rates.  Vehicle weight is 3,300 lb for an average PC and 4,100 lb for an average PT 

(EPA, 2020b).  An additional passenger accounts for 4.5% and 3.7% of vehicle weight for an 

average PC and PT, respectively, assuming an adult average body weight of 150 lb.  Frey and 

Kim (2006) found that a 140% increase in vehicle weight for dump trucks produced only 30% to 

35% increases in emission rates, depending on the pollutant.  Holmberg et al. (2012) estimated 

that PC fuel consumption increased by only 2% per 100 lb increase in weight.  Emission rates are 

approximately proportional to fuel use rates for a gasoline PV with TWC (Frey et al., 2008).  As 

a base case, PV emission rates per vehicle-mile were assumed to be insensitive to passenger 
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load.  Sensitivity analysis was done based on a conservative assumption that PV emission rates 

per vehicle-mile increase proportional to the relative increase in vehicle weight. 

5.3.2.2 Transit buses 

The Transit Bus Emissions Model (TBEM) is applied here.  TBEM was developed based 

on adjustments of MOVES predictions for generic bus types and calibrated to empirical data 

(Wei and Frey, 2020a).  TBEM takes into account bus size, fuel and powertrain, model year, 

passenger load, and speed trajectory in a systematic framework, and can be applied to estimate 

bus CO2, CO, THC, NOx, and PM emission rates for a given trajectory.  The effect of passenger 

load on vehicle weight, and the effect of vehicle weight on emission rates, is quantified in 

TBEM.  TBEM was validated with independent data.  TBEM is widely applicable to estimate 

real-world bus tailpipe emission rates.  However, although local variations in cycles were 

addressed for the study area, the study area does not represent transit bus activity in densely 

populated urbanized areas. 

Transit buses with 2010 and newer model years are the focus of emission estimates 

because they are certified to the most recent U.S. transit bus emission standard (EPA, 2016b).  

This standard is assumed to continue for the foreseeable future.  Model year 2010 and newer 

buses account for almost 60 percent of the current U.S. transit bus fleet (EPA, 2020).  The 2010 

and newer model year diesel and diesel-hybrid buses are equipped with SCR for NOx control and 

DPFs for PM control (Nelson, 2010).  The 2010 and newer model year CNG buses use 

stoichiometric combustion engines with TWCs (EPA, 2020e). 

TBEM was used to estimate route average emission rates for actual bus routes for each 

ODP based on measured speed trajectories and mileage-weighted average passenger load.  For 
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each ODP, mileage-weighted average passenger load was estimated by weighting the observed 

stop-by-stop passenger load by the fraction of stop-by-stop distance to trip distance. 

Emission rates for each hypothetical bus route were estimated differently for portions of 

the hypothetical routes that overlapped, versus did not overlap, with the actual route.  Emission 

rates were estimated based on the measured trajectories for the overlapping portions.  Otherwise, 

emission rates were estimated based on a road functional class emission estimation approach.   

Data for classification of road functional class for the study routes was obtained from an 

NC DOT database (North Carolina Department of Transportation, 2021).  Road functional 

classes include interstate, principal arterial, minor arterial, major collector, and local.  The 

processed bus speed trajectories were subdivided by road functional classes.  TBEM was used to 

estimate bus emission rates for each bus type and road functional class based on the processed 

second-by-second trajectories and mileage-weighted average passenger load.  Emission rates for 

non-overlapping portions of bus routes were estimated by weighting the road functional class-

based mass per distance emission rates by the percent of distance attributed to each road 

functional class. 

The distribution of bus stops is related to road functional class (Fitzpatrick and Nowlin, 

1997; Phillips et al., 2021).  For example, the number of bus stops per mile on local roads is 

typically greater than that on principal arterials and interstates.  For the actual bus routes, an 

average effective number of bus stops per mile was estimated for each road functional class.  For 

the hypothetical routes, the effective number of bus stops was estimated by weighting the road 

functional class-based average effective number of bus stops per mile by the travel distance in 

each road functional class. 
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5.3.3 Comparison of route alignment 

Ratios of actual to hypothetical bus routes in terms of distance, travel time, and trip total 

emissions (e.g., g/trip) were quantified for each ODP.  Ratios larger than one indicated penalties 

in distance, travel time, or trip total emissions for actual routes. 

For hypothetical bus routes, passenger load could differ from that of the actual route.  

Thus, sensitivity analysis was conducted to evaluate the effect of passenger load on the ratios of 

actual to hypothetical bus routes for trip total emissions. 

5.3.4 Intermodal comparison 

Trip emission rates per passenger (i.e., g/passenger-trip) for transit buses versus PVs 

were compared accounting for variability in vehicle size, fuel and powertrain, passenger load, 

and routes.  A bounding case, which was most favorable to buses and least favorable to PVs, was 

assessed based on fully occupied buses versus SOPVs.  Other combinations of passenger load 

were also considered, inclusive of buses with low passenger load and PVs with full passenger 

load. 

The sensitivity of the comparisons to passenger load for each ODP was analyzed with 

respect to break-even passenger load (BEPL).  BEPL represents the number of passengers on the 

bus for which trip emission rates per passenger for buses and PVs are equivalent.  BEPL is 

deemed ñfeasibleò when it does not exceed bus maximum passenger capacity.  BEPL has not yet 

been quantified for each pollutant.  Each ODP had two PV routes and four bus routes; thus, for 

each ODP, BEPL was estimated for eight paired comparisons between PV and bus routes.  In 

total, BEPL was estimated for 32 paired comparisons (4 ODPs × 8 comparisons/OPD).  A mean 

BEPL was estimated based on the average of 32 comparisons. 
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5.4 Results 

Results include:  (1) PV modal emission rates; (2) transit bus emission rates for selected 

route alignments; and (3) intermodal comparison of emission rates per passenger-trip for 

multiple routes for each ODP between PVs and transit buses. 

Supplementary Materials (SM) include results regarding the comparison of VSP modal 

rates for Tier 2 and Tier 3 GHEVs; comparison of VSP modal rates based on PEMS 

measurements and OpMode modal rates based on EPAôs MOVES model for Tier 3 GPCs and 

GPTs; sensitivity of PV emission rates per vehicle-mile to PV weight; comparison of bus trip 

total emissions between mileage-weighted average passenger load and stop-by-stop varied 

passenger load; road functional class-based emission rates for each bus type with varied 

passenger load; verification of road functional class approaches for estimating bus trip total 

emissions; ratios of bus trip total emissions for actual to hypothetical bus routes for each ODP; 

sensitivity analysis of passenger load on the ratios of actual to hypothetical bus routes for trip 

total emissions; intermodal comparisons of emission rates per passenger-trip for PV versus 

transit buses for each ODP; bus BEPL with respect to SOPVs and dual-occupancy private 

vehicles (DOPVs) based on 4 ODPs, 8 PV routes, and 16 bus routes; comparison of emission 

rates from other operational emission processes for PVs versus buses; and comparison of life-

cycle emission rates for PVs versus buses. 

5.4.1 Private vehicle modal emission rates 

Figure 5.3 shows the average VSP modal emission rates of 15 GPCs, 12 GPTs, and 10 

GHEVs for each pollutant.  The average VSP modal rates increase monotonically with positive 

VSP.  For each pollutant, the modal-average rates are lowest for Mode 3 and highest for Mode 

14.  Modal CO emission rates have large incremental increases at high VSP because of open- 



 

189 

 
Figure 5.3. Mean modal emission rates of Tier 3 light duty Gasoline Passenger Cars (GPCs), Tier 

3 light duty Gasoline Passenger Trucks (GPTs), and a mix of Tier 2 and Tier 3 Gasoline-Hybrid 

Electric Vehicles (GHEVs) for the Vehicle Specific Power (VSP) modes for: (a) CO2; (b) CO; 

(c) THC; (d) NOx; and (e) PM. Notes: Vehicle sample size (n) is reported for each vehicle group 

in each panel. Error bars are 95% confidence intervals of the mean modal emission rates. PM 

emission rates for GHEVs are not available. 
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loop engine operations (Eriksson and Nielsen, 2014).  Open-loop engine operations prevent 

catalysts from overheating by reducing the fraction of CO oxidized to CO2.  Variations in modal 

emission rates differ by pollutants.  For example, the ratios of the highest to lowest average 

modal rates for GPCs are 10 for CO2, 390 for CO, 19 for THC, 21 for NOx, and 28 for PM.  

GHEVs have higher THC modal rates than GPCs and GPTs, and higher NOx modal rates than 

GPCs.  GHEVs have periods of the internal combustion engine being off which leads to periods 

of low exhaust temperature (Reyes et al., 2006).  Low exhaust temperature leads to low catalyst 

temperature, which decreases the catalyst efficiency of oxidation of THC and reduction of NOx 

(Holmén et al., 2014). 

The modal rates for GHEVs are based on nine Tier 2 PVs and one Tier 3 PV.  PM 

emissions were not measured for GHEVs.  For the other pollutants, there are 56 combinations of 

VSP modes and pollutants (4 pollutants × 14 modes/pollutant).  To assess if all ten GHEVs can 

be grouped together, VSP modal rates were compared between nine Tier 2 GHEVs and one Tier 

3 GHEV.  VSP modal rates for the Tier 3 GHEV are within the range of those for Tier 2 GHEVs 

for 54 of 56 combinations.  Thus, all ten GHEVs can be grouped together. 

The VSP modal emission rates were benchmarked to OpMode modal rates obtained from 

EPAôs MOVES model.  MOVES OpMode modal rates for GPCs and GPTs are based on model 

year 2017 in which the Tier 3 emission standard had already taken effect.  For example, for CO2 

for Tier 3 GPCs, VSP modal rates range from 0.9 to 9.9 g/s based on 14 VSP modes; OpMode 

modal rates obtained from MOVES range from 0.6 to 9.1 g/s based on 23 OpModes.  For each 

pollutant for GPCs and GPTs, VSP and MOVES OpMode modal rates have the same order of 

magnitude and have overlapping ranges.  Thus, the emission rates based on real-world 

measurements using PEMS are deemed to be an accurate basis for comparison to bus emission 
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rates.  GHEVs modal rates are not compared between VSP and MOVES OpMode models 

because MOVES does not separately account for GHEVs (EPA, 2020b). 

5.4.2 Transit bus emission rates for selected route alignments 

Table 5.1 shows the characteristics for each bus route for each ODP, including mileage-

weighted average passenger load, distance, travel time, route average speed, effective number of 

bus stops, and percent of distance by road functional class.  The estimated mileage-weighted trip 

average actual route passenger load varied from 7.8 to 10.2 among the four ODPs.  This range is 

comparable to the average bus occupancy in the U.S., which was 7.7 passengers in 2018 (Davis 

and Boundy, 2020). 

For ODP-1, the actual bus route has 10% longer distance compared to Route H-SD, and 

20% more travel time compared to Route H-ST.  Route H-ST has the smallest effective number 

of bus stops because 56% of travel distance for Route H-ST is on interstates.  The route 

characteristics for ODP-2 are similar to ODP-1. 

For ODP-3, the actual bus route has the largest distance, travel time, and the effective 

number of bus stops.  The actual bus route has 49% larger distance than Route H-SD and 140% 

more travel time than Route H-ST, because the actual bus route is based on multiple bus 

services.  The average speed for the actual bus route is the lowest among the four routes in ODP-

3.  The route characteristics for ODP-4 are similar to ODP-3. 

Mileage-weighted average passenger load is used as a surrogate for observed stop-by-

stop varied passenger load for each ODP.  As detailed in the SM, estimated trip total emissions 

are similar, within ±0.2%, based on mileage-weighted average passenger load and stop-by-stop 

varied passenger load for all pollutants and ODPs.  Thus, mileage-weighted average passenger 

load is used to simplify the analysis. 
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Table 5.1. Route characteristics for actual and hypothetical bus routes for each Origin-Destination Pair (ODP).  

ODP 

No. 
Route name 1 

Distance 

(mile) 

Travel 

time 

(min) 2 

Route 

average 

speed 

(mph) 2 

Effective 

No. of 

bus stops 

per trip 3 

Trip mileage-

weighted 

average 

passenger load 4 

Percent of distance by road functional classes (%) 5 

Interstate 
Principal 

arterial 

Minor 

arterial 

Major 

collector 
Local 

1 

ODP-1-Bus-Actual 9.2 33.9 16.3 7.2 8.4 0 0 48 47 6 

ODP-1-Bus-H-SD 8.4 31.6 16.0 9.6 n/a 0 13 47 37 3 

ODP-1-Bus-H-ST 11.6 28.3 24.6 4.7 n/a 56 17 27 1 0 

ODP-1-Bus-H-AR 10.2 34.9 17.4 10.3 n/a 0 28 66 5 0 

2 

ODP-2-Bus-Actual 9.5 34.2 16.7 6.6 10.2 0 0 49 45 6 

ODP-2-Bus-H-SD 8.4 32.1 15.7 9.6 n/a 0 13 47 37 3 

ODP-2-Bus-H-ST 11.4 30.4 22.5 4.9 n/a 55 15 25 0 4 

ODP-2-Bus-H-AR 10.1 35.5 17.2 10.2 n/a 0 28 66 5 0 

3 

ODP-3-Bus-Actual 24.2 59.1 24.6 10.2 9.3 21 15 32 17 15 

ODP-3-Bus-H-SD 16.2 25.8 37.8 4.9 n/a 77 0 15 7 1 

ODP-3-Bus-H-ST 16.3 24.5 40.0 4.7 n/a 76 2 15 7 0 

ODP-3-Bus-H-AR 17.5 39.4 26.7 8.5 n/a 0 73 14 10 3 

4 

ODP-4-Bus-Actual 24.0 59.2 24.3 12.8 7.8 21 15 31 18 15 

ODP-4-Bus-H-SD 16.1 28.4 34.1 4.9 n/a 77 0 15 7 1 

ODP-4-Bus-H-ST 16.2 25.6 38.1 4.7 n/a 76 2 15 7 0 

ODP-4-Bus-H-AR 17.6 42.6 24.9 8.6 n/a 0 73 14 10 3 

Notes: 1. Actual: actual route; H-SD: hypothetical route - shortest distance; H-ST: hypothetical route - shortest time; H-AR: hypothetical route - alternative route. 

Route H-AR is based on the same route alignment as a corresponding private vehicle route. Route map is shown in Figure 5.2. 

2. Travel time and route average speed for the actual bus route for each ODP are based on the mean of five measurements. 

3. Effective number of bus stops is the number of times that the bus stopped at designated bus stops. The effective number of bus stops for the actual 

route for each ODP is based on the mean of five measurements. The effective number of bus stops for hypothetical routes for each ODP is estimated by 

weighting the road functional class-based average effective number of bus stops per mile by the travel distance in each road functional class. 

4. Trip mileage-weighted average passenger load for the actual bus route for each ODP is estimated by weighting the observed stop-by-stop passenger 

load by the fraction of stop-by-stop distance to trip distance. For each ODP, trip mileage-weighted average passenger load for hypothetical routes is not 

available (n/a). 

5. Percentages may not sum to 100% because of rounding.
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The road functional class-based mass per distance emission rates for each bus type are 

shown in Figure 5.4 based on mileage-weighted average passenger load of 8.4 for the actual bus 

route on ODP-1 (Table 5.1), as an example.  For each bus type and pollutant, emission rates 

increase as the road functional class varies from interstate to local.  For example, for 40-foot 

diesel buses, CO2 emission rates per vehicle-mile are 3.4 times higher for local versus interstate 

road functional class.  Transit buses typically have more frequent stops, higher signal density, 

and lower average speed on local roads compared to interstates, which leads to higher emissions 

on a per mile basis (Table C.8).  The trend in road functional class based emission rates per 

vehicle-mile is not sensitive to variation in passenger load.  The error bars do not overlap except 

for major collector versus local.  Thus, for most of the road functional classes, inter-road 

functional class variability is a larger contributor to variation in average emission rates than 

inter-trajectory variability within a road functional class.  

The relative trend in emission rates per vehicle-mile with respect to road functional 

classes is consistent with existing studies (Yu and Li, 2014; Zhang et al., 2014) but accounts for 

more road functional classes, pollutant species, and bus types.  Yu and Li (2014) compared CO2, 

CO, NOx, and HC emission rates per vehicle-kilometer for a 40-foot diesel bus among principal 

arterial, minor arterial, and a mixed combination of major collector and local road functional 

classes.  Zhang et al. (2014) compared CO2 emission rates per vehicle-kilometer for 40-foot 

diesel buses for interstates, arterials, and local roads. 
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(a) CO2 

 
(b) NOx 

 
(c) PM 

Figure 5.4. Estimated road functional class-based gram per vehicle-mile emission rates for each 

bus type based on 2010 and newer model year group transit buses carrying 8.4 mileage-weighted 

average passengers for: (a) CO2; (b) NOx; and (c) PM. Notes: Error bars are standard deviations 

based on 20 measured trajectories for all actual bus routes. CNG: compressed natural gas. 

 
































































































































































































































































































































































































































































































































































































































































































































































































































































