ABSTRACT

WEI, TONGCHUAN. Intermodal Comparison of Energy Use and Emissions feRGed
Passenger Transpo(tnder the direction of DH. Christopher Frey

Energy consumption faglobal onrroad passenger transport accounts for almost 70% of
energy consumed for all emvad transportation, and is projected to continuously increase along
with global population growth, economic growth, and population shifts to urban areas. Public
trarsit buses and private vehicles (PVs) are commeroad passenger transport modes. To
reduce energy use and emissions frontaad passenger transport, one strategy is to promote
transportation modal shift from PVs to mass transit such as transit bntssiodal
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 sengite 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 aakeirm
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 Bamissions 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
Agencyds MOt or heldtar antl aalibrfatedi tcsempiriwah busSemission 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 estima bus tailpipe C&) CO, hydrocarbons (HC), NOand particulate matter (PM)
emission rates for a given bus speed trajectory. Twentywadd bus speed trajectories were
measured on actual bus routes for four orgstination pairs (ODPs). For PVisjéctories and
tailpipe CQ, CO, HC, NQ, and PM emission rates were quantified based on priewerd
measurements of two routes per ODP using simplified portable emission measurement systems
(PEMS).

For the intermodal comparison, tiased tailpip emission rates were estimated and
compared for each ODP for compressed natural gas, diesel, anehgiaselbuses based on the
TBEM and for gasoline and gasolihgbrid PVs based on a Vehicle Specific Power modal
model. Brealkeven passenger load (BERkas quantified to assess the minimum bus passenger
load needed to achieve lower per passetrgeemissions compared to PVs.

Results show that, as a bounding analysis, compared to-siclpancy PVs, fully
occupied buses are estimated to have 8294% lower CQ, 99% lower to 308% higher CO,

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

emission rates per passenyyg depending on vehicle size, fuel and powertrain, passenger load,
and routes. BEPL varies depémglon 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 pasenger 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 puhhsit 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 emissiaates, 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 introducesrganization of thelissertationpbackgroundnenergy
consumption and emissions for-omad passenger transport, research gaps and needs based on
the limitations of prior studies, research objectiaeglauthor contriltions.

1.1 Organization

The dissertation consists of six chapt@sillustrated irrigurel.1. The overview of
each chapter is briefly described:

Chapter 1 (this chapteis 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 apgation of theTransit Bus Emissions ModelTBEM) for
estimating fosstueled 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 objectivElis chapter quantifies enginelumetric
efficiency (VE) for light duty gasoline vehicled DGVs) accounting for intraand intervehicle
variability, and evaluates the accuracyspeedDensity Method $DM) based vehicle tailpipe
emission rates with rpsct 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 objectivéis chapter compares tailpipe emission rates
between transit buses and PVs fofroad passenger transport accountorgkey sources of

variability.



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

Appendicesnclude supplementary materials for Chapt2, 3, and 5.

Chapter 1: Research Background, Gaps & Needs, Objectives, Author
Contributions, and Organization of Chapters

NS

Intermodal Comparison of Energy Use and Emission Rates for On-Road
Passenger Transport

B o Chapter 2 for Objective 1: |
s a Factors Affecting Variability in Fossil-Fueled Transit Bus |
= Emission Rates i

. Chapter 3 for Objective 2: .
Sensitivity of Light Duty Vehicle Tailpipe Emission Rates from
Simplified Portable Emission Measurement Systems to
Variation in Engine Volumetric Efficiency

Chapter 4 for Objective 3:
Evaluation of the Precision and Accuracy of Cycle Average
Light Duty Gasoline Vehicles Tailpipe Emission Rates
\ Predicted by Modal Models /;

d’ \
2 Chapter 5 for Objective 4: ;
g Intermodal Comparison of Tailpipe Emission Rates between !
e Transit Buses and Private Vehicles for On-Road Passenger i
3 Transport !
E 1

Transit Bus
Vs

Chapter 6: Key Findings, Conclusions, and Recommendations

Figurel.1. lllustration of the organization of chapters in the dissertation.



1.2 Background

Public transit buses and private vehicles (PVs) are commeoashpassenger transport
modes. Globally, there are over 10 miflivansit buses and over 1 billion Pis2). PVs refer
here to pssenger cars (PCs) and passenger trucks (PTs). PCs and PTs account for about 85% of
global PV stock3). 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 aféiag).

In the U.S., there were 71,100 transit buses and 235 million PVs accounting fod1% a
60% of total energy use in transportation, respectively in 2B)19U.S. transit buses are
typically 30-foot, 40foot, and 6&foot long(8). In 2018 the U.S. transit bus fleet was comprised
primarily of conventional diesel (43%), compressed natural gas (CNG) (30%),emeadletictric
hybrid (15%) buseg3). Ninety-eight percent of U.S. PVs at®GVs (9).

On-road passenger transport consumes energjsgreenhouse gas(e.g., carbon
dioxide [CQ)]), and emits other pollutants, such as carbon monoxide (CO), total hydrocarbons
(THC), nitrogen oxides (N£), and particulate matter (PM), which degrade air qualiyhave
adverse health effects including premature déathOi 14). In 2017, 54 quadrillion BTU of
energy was consumed for globakarad passenger transporfiish accounted for almost 70
of the energy consumed for all-ooad transportatiofiL5). Onroad passenger transport global
energy consumptiofiom fossil fuelincreased by % over the last three decades and is
anticipatedo continuously increaseefore batterelectric vehicles (BEVs) become dominant
thefuture (16).

To reduce energy consumption and emissions fromoad passenger transportation, one

strategyis to promote transportation modal shift from PVs to mass transit such as transit buses



(17, 18). Intermodal comparisons of energy consumption and emissions between transit buses
and PVs are needed to inform policy decisions regarding transportation modd&1a@. In
addition to modal shift from PVs to transit buses, there are other strategies to reduce energy use
and emissions for eroad passenger transport, such asdroong, vehicle fleet electrification,
and modal shift to neroad passengéransport (e.g., traing21i 24).
1.3Gapsand Needs

Intermodal comparisons of energy consumption and emissions-foadpassenger
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 assessmefenergy use and emission rates for
transit buses and PVs.
1.3.1Limitations of prior assessments on transit buses

Key factors affecting transit bus energy use and emission rates include Q2% 263,
fuel and powertraini25, 27), passenger log@8i 30), driving cycle(31, 32), and model yeai33i
35). These key faors 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 velnale for CNG, diesel, and diesel
hybrid buses using Buel and Emissions Calculator (FEC) aggregated to U.S. co(@@es
They found that the comparison of Fp@dicted emission rates per vehiodde among CNG,
diesel, and diesglybrid buses varied between local and express bus cycles. However, the effect
of bus size, passger load, and model year was not quantified.

Zhanget al.found that CQemission rates per vehietaile were lower for 4Goot

diesethybrid buses compared to-f@t CNG and diesel buses based on aweald study using



portable emission measuremenstgyns (PEMS) in Chin@7). However, the effect of fuel and
powertrain on other pollutant emission rates was not quantified.

Yu et al.compared C@ CO, THC, and N@emission rates per passengate for 30
foot diesel buses with varying passenger loads from 400 kg to 2,200 kg based@rlcal
PEMS study30). Emission rates per passengale were highly sensitive to passenger load,
varying by a ratio of 3 over the observed passenger loads. However, the effect gfdrlas
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 trang 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.
1.3.2Limitations of prior assessments on private vehicles

For LDGVs, energy use and emission rates can be estimated using modelstisech as
U.S. Environmental Protection Ager@w Otor Vehicle Emission Simulator (MOVE$37).

MOVES is used for regulatory and policy applications in most of the Th®. MOVES
database for LDGVs is largely based on laboratory chassis dynamometé8estsowever,
laboratory chassis dynamometer tests cannot fully represemtaoddldriving cycles and real
world emission performand89i 42). Thus, a database is needed forgynese and emission
rates based on realorld vehicle emission measurements.

Since 2008,te 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 est routes, comprised of 110 miles ofroad driving over a wide variety of road



functional classes, with speed limits ranging from 25 mph to 70 mph and road grades ranging
from -10 percent to +10 percef®9, 43, 44). Simplified PEMS, introduced around 2000, are
illustrated by the GlobalMRWWEM-2100AX Axion, which is the size of a caron suitcase

(45). This instrument usen-dispersive infrared (NDIR3ensorsneasure C¢) CO, and
hydrocarbons (HC), uses electrochemical sensors measure nitric oxide and oxygen, and uses a
laser light scattering detector to measure PM.

Vehicle emission ratameasured using PEM&n be reportedn a microscale time basis
as well as on a mesoscale driving cycle b@is Microscale timebased emission rates are the
mass of pollutant emitted per second, or sedoppdecond emission raté46, 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 (CAER8)47).

Secondby-second emission rates can be quantified based on PEMS measurements of
tailpipe exhaust pollutant concentrations and separate quantification of exhaust flow rajes (EFR
(48). For simplified PEMS, EFR isfarred from airto-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 thelomard diagnostic (OBD)
interface. Fosome vehicles, only indirect indicators of MAF are broad@#st In such cases,

MAF can beestimated using th8DM (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 M(AB). VE is affected by intra
vehicle variability in the engine load and irdeghicle 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 valvetsge (52i 59).



VE is typically proprietary and not reported forigem 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 rdt& 48, 51, 60i 63). However, intraand intervehicle
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 bessuatély
evaluated.

Mesoscale CAERs were quantified as the mass of pollutant emitted per mile for a given
driving cycle(46, 47). CAERs can be estimated usighicle Specific Power (VSP) modal
models(64, 65). VSP is an initator of vehicle engine tractive power dem#é6. VSP has
been used to quantify variability in vehicle fuel use and emission rates, and has been used as the
basis for nedal models in which seco#r-second fuel use and emission rates are binned into
ranges of VSR64, 65). Examples of such modal models include aristle VSP modal model
and the MOVES Operating Mode (OpMode) mo(@, 65).

The validity of binning approaches based on VSP depends on whether these approaches
can precisely and accurately predict variability in CAERs. Evaluation ofsgsa@nd accuracy
requires comparison of model predictions to independent measurements not used for model
calibration. However, prior studies calibrated the modal models based on empiri¢altdata
typically did not validate the models based on independata The precision and accuracy of
the VSRbased binning approaches in predicting variability in CAERs have not been adequately

guantifiedwith regard to interehicle andnter-cycle differences



1.3.3Limitations of prior intermodal comp arisons

Intermodalcomparisons 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 routed 4, 19, 20, 671 69). Prior studiesoundmixed results for intermodal
comparison because of variability in passenger load. Hodges reported theanhi{S§lon rates
per passenganile for a generic transit busrrying witha quarter of its capacityere 33% less
than for a generic singleccupancy private vehicle (SOP{)9). A fully occupied generic
trarsit bus was estimated to have/8Bwer CQ emission rates per passenggte compared to
a generic SOPV. However, Bigazzi estimated thataverage energy use and@mission
rates per passengmiile were higher for transit buses than for F¥4). Passenger load for both
PVs and buses was not reportétbwever, these studelid not quantify the variability in
energy use and G@mission 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 CO
emission rates for enoad passenger transport. However, intermodal comparison of emission
rates for other pollutants such as CO, THCxNfdd PM is less common. The U.S. Department
of Transportation reported that, compared to a generic PV, a generiddiese bus had lower
emission rates per vehietaile for CO and nommethane HC but larger emission rates per
vehiclemile for NO« 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 emisgsrfoaonroad
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



jointly taken into account, such as vehicleesiziel and powertrain, passenger load, and travel
routes. Accounting forsources of variabilitgeparately may neglect possible interactions
betweersourcesand could affect inferences regarding trends in the intermodal comparison and,
thus, policy decisns on modal shift.

Literature reviews on research gaps and needs have been conducted in detail from
Chapters 2 to 5Error! Not a valid bookmark self-reference.includes contents and locations
of literature review for each chapter in the dissertation.

Tablel.1. Literature review content and locations for each chapissertation.

Content Location
Key factors affecting transit bus tailpipe emission rates Chapter 2
Factors affecting variability in engine volumetric efficiency
Use of speediensity method to quantify engine mass air flow and | Chapter 3
tailpipe emissiomates

Use of Vehicle Specific Power modal models to quantify vehicle cyc
average emission rates

Intermodal comparison of energy use and emission rates between t
buses and private vehicles

Chapter 4

Chapter 5

1.4 Objectives
The research objectivese to:
O-1. Evaluate factors affecting bus emission rates;
O-2: Evaluate the accuracy of VE estimation approaches and of-8&3ed vehicle
emission rates;
O-3: Quantify the precision and accuracy of \\B&ed modeling approaches; and
O-4. Compare enssion rates between transit buses and PVs accounting for key sources
of variability.
Figurel.2 is a conceptual diagram of the intermodal comparison of energy use and
emission rates between transit buses and PVs fovawhpassenger transport. For transit buses,

factors affecting bus tailpipe emission rates are incorporated in a systematic grodelin
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Figurel.2. A conceptual diagram for the intermodal comparison of energy use and emission rata®&al passenger transport.

OBD: OnBoard DiagnosticPEMS: Portable Emission Measurement Systétis;Private VehicleyYSP: 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 rodbased energy use and emission rates are aéstirfram TBEM.
For PVs, the accuracy of SDbhsed tailpipe emission ratssguantified with respect to VE
estimation approdes. The accuracy of PV rodtesed CAERs estimatéased orVSP modal
modelsand OBD recorded vehicle activitissquantified. Finally, routéased emission rates
estimated by TBEM for transit buses and by the VSP modal model for PVs are compared based
on realworld origin-destination pairs (ODPsfi Mode 6 and f@Amodal 6 in Chap
transportation modes, such as transit buses a
refer to VSP modes.

The dissertation is intended to: (1) provetrission 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 foraad passenger transport; and (3) help transit
planners and paly makers develop plammdpromote strategief®r onroad passengéransport
modal shiftto facilitate trans#oriented development, such as expansion of transit routing and
coverage, optimization of transit route alignments, and improvement of infast& around
transit stopdor first- and lastmile connection

This dissertatio evaluated the engineeribgsed feasibility of reducing enoad
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, tilus, help
reduce energy use and emissions feraad 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 thg®3). In addition, policy
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options can be taken mtaiccount to reduce the use of PVs, such as taxes on vehicle purchase and
COz emissions, parking pricing schemes particularly for downtown areas, and development of
low- or zereemission zones to restrict vehicles access to specific areas of 24¢ity).
1.5 Author Contributions

The author is responsible for the conceptualization, methodology, nstatedtical
analyses, and visualization from Chapters 2 to 5. In addition, the author participated in vehicle
measurements and analyses BLBGVs, in which the author was a PEMS techniaoenty for
5LDGVs, was a vehicle analysnly for 18 LDGVs, ard was a PEMS technician as well as a
vehicle analyst fol2 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
usingGlobal Positioning Systemeceivers by ridingransit buses in the RaleigRC area.

The author also develedandimplementech systematic data framework 232
LDGVs measured from PEM&NCSU. The vehicle metadata were summarized, populated,
and quality assured for each of 282asured 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, vhicle driveline, vehicle mileage, number of people in the vehicle, rated fuel economy,

ambient conditions, vehicle recruiting, and types of PEMS.
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Tablel.2. List of author contributions gournal publications, conference papers, and project technical reports.

Tvoe of Journals, Conference Author
YPe ¢ Proceedings, and Report | Atrticle Title
Materials by Role
Sponsors
Atmospheric Environment | Factors Affecting Variability ifFossitFueled Transit Bus Emission Rates First author
Journal of the A&WMA Ser_15|t_|V|ty of Light Duty Vehicle Ta|lp|pe_ E_m|s§|on Rates from Slr_nphflt_ed_ Portable First author
Emission Measurement Systems to Variation in Engine Volumetric Efficiency
Journal Transportation Research Evaluation of the Precision and Accuracy of Cy&lerage Light Duty Gasoline First author
ublication Record Vehicles Tailpipe Emission Rates Predicted by Modal Models
P Environmental Science & Geospatial Variation of RedlVorld Taipipe Emission Rates for Ligiduty Gasoline
. Coauthor
Technology Vehicles
Comparison of RealVorld Vehicle Fuel Use and Tailpipe Emissions for Gaseline
Fuel Coauthor
Ethanol Fuel Blends
113" Annual Conference & | Applicationof Transit Bus Emissions Model to Emission Estimation: Case Study f First author
Exhibition of the A&AWMA | Wolfline Transit Bus Line at North Carolina State University
111" Annual Conference & o . .
Exhibition of the A&QWMA Development and Validation of Transit Bus Energy Use Riteels First author
110" Annual Conference & | Development of Simplified Models of CNG, Diesel, and Hybrid Transit Bus Energy First author
Exhibition of the A&AWMA Use
Conference h -
aper 97" Annual Meeting of
pap Transportation Research Evaluation of the Effect dPassenger Load on Transit Bus Energy Use First author
Board
d -
23 Infternatlo_nal Transport Trends in Light Duty Gasoline Vehicle Emissions Based on-Réald Measurements| Coauthor
and Air Pollution Conference
111" Annual Conference & e .
Exhibition of the A&WMA Development of Updated MOVES Lite: A Simplified Version of MOVES Coauthor
. Method for ReaMWorld Measurements of Light Duty Gasoline Vehicle Exhaust
. USEPA via the Eastern e i o :
Project Research Grou Emissions Using Portable Emission MeasurenSsistems at North Carolina State Coauthor
technical P University from 2008 to 2018
report ARPA-E USDOE Energy Estimator DesighPhase | and Phase |l Coauthor
ARPA-E USDOE Energy Estimator Phase Il Model Validation and Bi&3orrection for Transit Buses | Coauthor

*Notes: A&GWMA: Air & Waste Management Association; USEPA: U.S. Environmental Protection AgeR8A-E USDOE:Advanced Research
Projects AgenciEnergy U.S. Department of Energy
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The author has authored and coauthored five-éewed journal publications (three
publications as the fitauthor and two publications as a coauthor). In addition, the author has
authored and coauthored six peeviewed conference papers (four papers as the first author and
two papers as a coauthor). The author was also involved in writing pesjaoicé reports for
the Advanced Research Projects Agekoergy U.S. Department of Energy and for the U.S.
Environmental Protection Agency via the Eastern Research Gilaipel.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 TRANSIT
BUS EMISSION RATES

This chapter is published as: Wei, T.; Frey, H. C. Factors Affecting Variability in frassid
Transit Bus Emission Rate&tmospheric Environme202Q 233 117613.
2.1 Abstract

Globally, there are over 10 miin transit buses. Exhaust emissions from transit buses
include carbon dioxide (C£ carbon monoxide (CO), total hydrocarbons (THC), nitrogen
oxides (NQ), and particulate matter (PM). Key factors affecting bus emission rates have been
evaluatedseparately 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 thesesiaa 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 cyclemage emission rates from the
Integrated Bus Information System. The importance of the factors varies depending on the
pollutant. For emission rates per vehikilmmeter, model year is an important factor for,;NO
and PM, fuel and powertrain is an imgort factor for CO and THC, and driving cycle and bus
size are important factors for GOFor emission rates per passerg&meter, passenger load is
generally an important factor for each pollutant. For a given fuel and powertrain and pollutant,
smalle buses have lower emission rates per velkdtemeter than larger buses. However, a full
large bus has lower emission rates per passdilgeneter than a full small bus. There are
tradeoffs among bus types regarding emission rates, especially foaddHEM. 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 busdd@ moderate to high speed driving
cycles, diesel buses have the loweskMd@ission rates whereas for low speed cycles, CNG
buses have the lowest N@mission rates. However, for 2007 to 2009 model year buses, CNG
buses have the lowest N@mission ates 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
emisson 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 M@aganha 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 automibiles to public transifFacanha et al., 2012} oss#fueled transit buses
generate tailpipe emissions including carbon dioxide2jC&arbon monoxide (CO), total
hydrocarbons (THC), nitrogen oxides (MQand particulate matter (PNY.S. Environmental
Protection Agency [BA], 2015a) CQris a greenhouse gésPA, 2016a) CO, THC, NQ, and
PM have adverse health effe@PA, 2009, 2010, 2015b; Kim et al., 2013 dditionally, THC
and NQ are precursors for grouddvel ozone formatiofSeinfeld and Pandis, 2016An
understanding of factorgfacting 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, bs tailpipe CQ emissions account for more than 85 percent ofcyiele CQ

27



emissions for compressed natural gas (CNG), diesel, and-Hids&l busegArgonne National
Laboratory, 2018) Tailpipe NQ emissions account for about 60 percent ofdiyele NG
emissions for a diesel transit bi#dggonne National Laboratory, 2018Accurate and improved
bus emission factors are increasingly needed and useful for bus life cycle inventories and
emission inventories and for informed decismaaking(Wayne, 2013; American Public
Transportation Association [APTA], 2018Yo reduce transit bus tailpipe emissions and, thus,
improve air quality and human health, transit agencies have bdaaimgpold buses,

transitioning from conventional diesel to alternative fuels and powertrains, and improving bus
fleet management and route assignniBeigional Transportation Commission, 2015;
Metropolitan Transportation Authority, 2018; U.S. Department of Transport@od8) In

2015, the average passenger load for a U.S. transit bus was only nine, which can easily be
accommodated by a g0ot (9-meter) long transit budavis et al., 2018) However, most U.S.
transit buses are 40 feet (12 meters) IRgman, 2009) The currehstandard U.S. bus
procurement guidelines do not specify that bus size should be selected based on passenger load
(APTA, 2013)

Exhaustemission rates for U.S. transit buses are subject to U.S. Environmental Protection
Agency (EPA) exhaust emission standards for hety urban buse®EPA, 2016b) The same
standards apply to CNG and diesel powered b{ge4, 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 foaNdDPM. The statards are
based on engine dynamometer certification measurements; thus, the standards are not
categorized by bus size or passenger load. The HeatyFederal Test Procedure Transient

Cycle is used for certification emissions testing of hedwty engins (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 tyscativing 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 antegies 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 evaeptedtely 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; Zha?2@08; 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)
2.2.1Bus sze

In the U.S., transit buses are typically-f80t (9-meter), 46foot (12meter), and 6€foot
(18-meter) long/APTA, 2013) For example, in 2016;®eter, 12meter, and 18neter buses
accounted for 6%, 90%, and 4%espectively, of the Washington Metropolitan Area Transit
Authority transit bus fleet, respectivglpovak, 2016) Weiet al.(2017)compared energy use
rates per vehickkilometer traveled (VKT) folJ.S. 9meter, 12meter, and l8neter 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

al. (2011)compared bus emission rates per VKT fomi8ter versus Ettheter diesehybrid
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buses. C@and NQ emission rates were significantly higher forrb@ter buses thalP-meter
buses. However, emission rates fan8ter buses were not quantified.
2.2.2Fuel and powertrain

In 2015, the U.S. transit bus fleet was comprised primarily of conventional diesel (43%),
CNG (30%), and diesdlybrid (15%) busefDavis et al., 2018) The eight most common bus
types inthe U.S. fleet include-912-, 18 meter CNG, 9 12-, 18 meter diesel, and 1218 meter
diesethybrid busegAPTA, 2013; Hughe£romwick and Dickens2018) Although battery
electric buses have started to penetrate into the U.S. market, they account for less than 1% of all
U.S. transit buse@ane, 2019) Fossifueled 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 measurementgtdix(2011)compared emission rates
per VKT for 12meter model year 2003006 learburn CNG buses, model year 262009
stoichiometric CNG buses with thr@ey catalyst (TWC), model year 20@B09 desel buses,
and model year 2063009 diesehybrid buses. Cg&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 busesitbien CNG buses and diesel
powered buses, because of their higher engine compression ratios andrteair and fuel
mixtures, had lower CO but higher N@mission rates than stoichiometric CNG buses with
TWC. PM emission rates for diesel and digsdirid 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 reaion (SCR) for NQ control, were not quantified. The effect of passenger
load on emission rates was also not quantified.

Zhanget al.(2014)found that CQemission rates were lower for-h2eterhybrid buses
compared to I-lneter CNG and diesel buses based on awedt 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¢gagd to U.S. counties. The
tailpipe emission rates estimated by the FEC were based on the U.S. EPA MOtor Vehicle
Emission Simulator (MOVESEPA, 2012) However, the predicted emission rates were not
calibrated and validated based on empirical data. Bus size was not accounted for.
2.2.3Passengerdad

Freyat al. (2007)evaluated the effect of passenger load on, @@, THC and N©@
emission rates for-theter diesel buses in the U.S. and Portugal based omaaddlPEMS
study. Increase in passengerdded to increases in emission rates per VKT. Alam and
Hatzopoulou2014)evaluated the effect of passenger load on greenhouse gas emission rates of
diesel andCNG buses. As passenger load increased, emission rates per VKT increased, but
emission rates per passenggometer traveled (PKT) substantially decreased. However, the
bus size was not reported, and the effect of passenger load on other pollutanheatss was
not quantified. Yuet al.(2016)compared C@ CO, THC, and N©@emission rateper VKT and
per PKT for 9meter diesel buses with varying passenger loads from 400 kg to 2,200 kg based a

realworld 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. Howaeeceffect of driving cycles on
variations in emission rates was not quantified.
2.2.4Driving 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 sradasgrederal Transit
Administration, 2018) Variations in driving cycle affect emission ra(€ajendran and Clark,
2003; Zhai et al., 2008; Xu et al., 2015 mission rates per VKT for COCO, THC, NQ, and
PM for 12meter diesel buses were generally higher for driving cycles with lower cycle average
speed based on chassis dynamomaeasurements of 4 driving cycl@gajendran and Clark,
2003) Zha et al.(2008)compared timéased CQ CO, THC and N@emission rates for-9
meter diesel buses based on-eatld driving cycles measured during reebrld driving using
PEMS. Driving cycles can be measured for applications not related to regelatgpliance,
such as to help improve the accuracy of emission inventories based on typieairtdalriving.
The routes were divided by links between two consecutive bus stops. As btssmplink
average speeds increased from 8 to 48 km/hr;tstsfop linkaverage timédased 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 reabrld driving cycles is a key factor
affecting variabiliy in bus emission rates. >ai al. (2015)found that the comparison of FEC
predicted emission rates per VKT among CNG, diesel, anddigbad 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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2.2.5Model year

Bus model year affects exhaust emission rates because of differences in emission
standard¢EPA, 2016b) In 2016, 2010 and newer model year buses accounted for almost 50
percent of the U.S. transit bus fl§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-bmitigis
compared to newer bus@sau et al., 2015; EPA, 2016cHigh-emitter buses can make a
substantl contribution to fleet emission inventories. For example, based on a case study in
Sweden, higkemitter buses accounted for 30% of the fleet but contributed to 50% to 75% of
fleet exhaust emissions depending on the pollytantet al., 2019)

Buses in different model year groups, which were subject to different standards, typically
have different emission cowotrtechnologiegClark 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, N@ and PM emission rates were significantly reduced for 2004 versus 1994
model year CNG and diesel bugetesterberg et al., 2008 Model year 2007 tbheter CNG
buses equipped with stoichiometric engines and TWC had lower THC and PM but higher CO
emission rateshtn model year 2000 and 200%rh2ter CNG buses equipped with |daurn
enginegYoon et al., 2013) Stoichiometric CNG buses with TWCs had higher exhaust
temperature compared to lebarn CNG buses. Higher exhaust temperature leads to higher
catalyst temperature, which enables higher efficienagadion of engineout THC emissions.
TWCs also oxidize watesoluble organic compounds that otherwise would form carbon particles
in the exhaust, thereby preventing some PM emisghosn et al., 2013) CO emission rates
were higher for stoichiometric engines with TWCs compared teheam engine due to short

episodes of opeloop engine operation to protect TWCs from overhedtiriksson and
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Nielsen, 2014) Based on remote sensing of diesel buses in Hong Konghdsetl THC and
NOx emission rates were similar among model years from 1996 to 2005 but steackiysael
from 2006 to 2015 as a result of increasingly stringent emission staifHaiaisy et al., 2018)
However, the effect of bus size and passenger load on emission rates was not quantified.
2.2.60Dbjectives

Bus size, fuel and powertrain, passenger load, driving cycle, addlryear 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 objectigesto: (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 bsismenis
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 TBEMes@ibed in the
Supplementary Materials.
2.3.1Model development

MOVES, developed by the U.S. EPA, can estimate emission rates for mobile sources
including transit busedEPA, 2015a, 2015¢c)MOVES is used to develop localized and regional
emission inventorie€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 ¢k afbus size and
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passenger load. Additionally, MOVES does not include diegletid buses. Other models
pertaining to buses, such as the Physical Emissions Rate Estimator (REBREANd Giannelli,
2005) ExoGest(Silva et al., 2006)FuelCostZNational Academies of Sciences, Engineering,
and Medicine, 2011)and FEQXu 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 faergeCNG and diesel
buses represented in MOVES. TBEM includes eight common U.S. bus typese©CNG, 12
meter CNG, 18neter CNG, 9meter diesel, 1-neter diesel, I-8neter diesel, I-neter diesel
hybrid, and 18meter diesehybrid. The passenger lo&at a bus ranges from empty to full
capacity.

Measured emission rates for transit buses were obtained from the Integrated Bus
Information System (IBISjWayne et al., 2011)IBIS includes almost 4,000 chassis
dynamometer test results for 305 buses and 20 selected driving cycles for 2020 toodel
year CNG and diesel buses and 2004 to 2010 model year-hyésel buses. Diesdlybrid
transit buses began to penetrate into the U.S. transit fleet i(R@0% et al., 2018) However,
not all buses were measured on all cycles, and the test weights, which are surrogates for
passenger load, défed. IBIS includes the eight common U.S. bus types. Measured pollutants
include CQ, CO, THC, NQ, 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 n the MOVES. IBIS also does not have empirical PN emission data. In addition, engine
stopstart technology was not introduced to U.S. conventional diesel buses unt{iC2aflis,

2015) Diesel buses with stegtart technology accounted for only 0.1 percent of the U.S. transit
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fleetin 2015. There are no data in IBIS for buses wdfp-start technology. Therefore, engine
stopstart 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 fourdartoiuding: (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@vB% predictions for generic
diesel and CNG buses. Since MOVES does not include digbat buses and the fuel for
diesel and diesdiybrid buses is the same, the estimates for diegmid buses were referenced
to MOVES predictions for generic diedmises. 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 %2 fhn - %% rR 23, #& m " 33i& 0, 3@& -9 Ipg (1)

hh hh

Where,

4 %2h mRh = TBEM estimated emission rates per VKT (g/km) for a bus with a
given bus size (9-, 12, and 18meter long), fuel and powertrain
(CNG, diesel, and diesélybrid), model yeamy, driving cyclec,
passenger load, and pollutanp (COz, CO, THC, NQ, and PM);

- %2 hh = MOVES predicted emission rates per VKT (g/km) for generic
buses with a given fuel and powertrfCNG and diesel), model
yearmy, driving cyclec, and pollutanp;

23, #& & = reference size and load correction factor foffeldt (12meter)
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buses with a given fuel and powertréimalf passenger load, and
pollutantp;

" 3 3n& = bus size scaling factor, which is the ratio of emission rates per
“RR

VKT for a bus with half passenger load for a given bus sinea
40-foot (12meter) bus with half passenger load running on a
driving cyclec;

0, 3& = passenger load saag factor, which is the ratio of emission rates

per VKT for a bus with passenger loatb a bus with half
passenger load for a given bus szend driving cycle;

- 9" vk § = model year group adjustment factor for a bus with a given bus size

s, fuel and powertraify within model year groupyg and
pollutantp.

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.
2.3.1.1Reference size and load correction factor

The RSLCEF 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 bumnsitead is a I2neter 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 eachuilng 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 largesumber of the driving cycles.
2.3.1.2Bus size scaling factor

The BSSFs were developed to scale emission rates per VKT from the referencesize to 9
meter and 18neter buses, both at the reference passenger load. The BSSFs were developed
based on differencen 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 glirdor gross vehicle weight rating (GVWR) greathan
3,900 kg(EPA, 2016b) The GVWR for a typical 9neter 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 tcdive power needed is proportional to bus we{githénezPalacios,
1999) Therefore, emission rates are also proportional to bus weightrafib of the bus
tractive power to a Xtheter bus with half passenger load was estimated fenetér or 18
meter bus with half passenger load.
2.3.1.3Passenger load scaling factor

The PLSFs scale emission rates per VKT from half passenger load to variathpasse
load. Since, for a given model year bus, emission rates ifhg/age certified to the same
standard regardless of bus weifBPA, 2016b)emission rates on a gHAmp basis are the same
regardless of passenger loddowever, 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 termshof Aus, 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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2.3.1.4Model year group adjustment factor

The MYGAF calibrates TBEM to empirical data for each model year group. For each
model year group, the MYGAF waleveloped 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, BSFs, and PLSFs.

The TBEM model inputs include bus length, fuel and powertrain, passenger load, driving
cycle (i.e., secontty-second 1 Hz speed trajectory), and model year. The model outputs include
bus emission rates per VKT and per PKT.
2.3.1.50ther factors

In addition to key factors, there are other factors that may affect bus emission rates, such
as ambient temperature and relative humidity (TRMHCormick et al., 1997; Wang at.,

2017) air conditioning (AC) usag@&hang et al., 2014pand deterioratioUbanwa et al., 2002;
Mishra and Goyal, 2014)For ambient TRH, MOVES doe®t apply ambient temperature
adjustments for bus runnirgxhaust emission rates, and applies a commone@ssions

humidity correction factor to diesel and CNG buses regardless of engir{€sde=of Federal
Reguhtions, 1983; EPA, 2015d}or AC effects, there are few reabrld data regarding the
effect of AC operation on bus emission rgf&sang et al., 2014)AC adjustment factors on
emission ates for transit buses in MOVES are based on data fordigigtvehicle{EPA,

2015d) Thus, there are insufficient data to explicitly account for AC effects. For deterioration
effects, MOVES currently accounts for deterioration based on assessmeassuofied

proportions of malfunctioning vehicles and assumed emission differencesamatfunction

rather than based on empirical dgE®A, 2015d)
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Therefore, there is lack of @gatpon which to base TRH adjustments, except for the
effect of relative humidity on engireut NO emission rates. The latter is assumed in MOVES
to be the same regardless of fuel. Therefore, the relative humidity adjustmentfdo@sOnhot
discriminateamong 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 lstkfaient
empirical data, the effect of AC usage and deterioration on bus emission rates is difficult to
qguantify. Therefore, these other factors are not included.
2.3.2Model evaluation

TBEM was evaluated by comparing predictions to independent empiricalatataed in
model calibration, including chassis dynamometer tests ansvoeld PEMS measurements.
Hajbabaeket 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, €and THC emision rates per VKT decreased by 5 percent and
65 percent, respectively. Gebal.(2014)and Yuet al.(2016)conducted realvorld PEMS
measurements to measure bus tailpipe exhaust emissiomrat@ish buses operatexh 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
reatworld driving cycles, but did not report secelmgtsecond (1 Hz) speed trajectory data.
TBEM requires seconby-second speed trajectory data as an input. The IBIS data used to
calibrate TBEM include 20 driving cycles with secdmngsecond speed. Therefore, the seeond
by-second driving cycle from the IBldata with an average speed closest to that of the reported

realworld 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/hy 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 foreach pollutant, Spearman correlation coeffici€Bfgearman, 1904yere estimated
between TBEM estimated emission rates and each factor. Emission rates per VKT and per PKT
for each pollutant were estimated for eigbslbypes, passenger loads from 5 to 40, 20 driving
cycles reported from IBIS with average speeds féobnto 68.3 km/hrand bus model years from
1990 to 2010. Passenger load of 40 is the maximum seated and standing capaoiyeof 9
buses and can beamnmodated 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)
2.3.3Comparison of bus ypes

TBEM predcted 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 emissifor rates
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 compeireach 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 péTPfor 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
basedon cycle average speeds frénd 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. Remllide: (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, @@, THC, NQ, and PM emission
rates among eight bus types with respect to variations in passerdjetrioeng cycle, and
model year.
2.4.1Calibration of transit bus emissionsmodel

There is no consistent biases in MOVES generic predictiGosapared 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 diagérid buses is 2006. As axample of
differences in measured versus MOVES predicted ratesiet@ CNG buses have 91% and
20% lower emission rates for CO and THC, but have 2%, 81%, and 122% higher rates for CO

NOx, and PM, respectively. Thus, MOVES predicted emission ratestdappear 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 diesélybrid buses and becseiMOVES 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 diesdlybrid buses with reference size and loatha 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 tiArB8 predictions for generic CNG
buses.

BSSFs vary with cycle average speed. As cycle average speeds increas@ tw68.3
km/hr, the BSSF for 9neter buses increases from 0.65 to 02918, the BSSF for IBeter buses
decreases from 1.55 to 1.22. NMwhicle 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 aerodynami(ERAg2015a)
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 changesetickenergy and, thus, bus weight.
Thereforewhen 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 increasB§SF 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 siZf-tiseggRdater 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 réggaf passenger load, which implies that the effect of
passenger load becomes less important as speed inqwasesd 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 omaeudtoe
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 weqidre 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 838 However, the latter would require the use of expensive
heavy duty chassis dynamometer test facilities.

MYGAFs vary depending on model year groups and pollutants foneii2r CNG, diesel,
and diesehybrid buses. The empirical emission rates fovargpollutant typically decrease as
model year group increases. Emission standards have typically become more stringent over time
(EPA, 2016b) For example, for Xneter 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 Nnission 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 andcMsion rags for 12
meter diesel buses is largely due to the use of DPFs beginning in 2007 and SCR beginning in
2010(Nelson, 201Q0) MYGAFs for other pollutants for each bus type also have large ranges of

variability.
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2.4.2Model evaluation

Table2.1 shows the comparison of emission rates predicted using TBEM versus three
independent studies. The independent studies include chassis dynamometer measurements
(Hajbabaei et al., 2013nd realworld PEMS measuremeniSuo et al., 2014; Yu et al., 2016)
Since bus size and passenger load were not reported by Hajeblagl013) a range of
emission rates for each reported pollutant is giverainle2.1. The range isdsed on a-®neter
bus carrying 5 passengers and anrid&er bus carrying 110 passengers. Emission rates from
Hajbabaeket al. (2013)were generally within the TBEM predicted range. Compared toeBuo
al. (2014) the differences in emission rates per VKT between TBEM predictions versus
empirical rates rangieom -24 to +6 percent depending on the pollutant. Compared &t %L
(2016) TBEM predicted emission rates per PKT are similar to empirical rates within an absolut
difference of 0.1 g/passengem for NO« and no difference for CO and THC. Therefore, the
TBEM predicted emission rates are comparable to independent studies.

Spearmanédés correlation coefficients for em
factorare shown imable2.2 based on sensitivity analysis of TBEM. The importance of factors
varies among the pollutants. For PM andxN@odel year has the largest cortiela with
emission rates per VKT. This is attributed to more stringent emission standards for PMxand NO
especially since 2007 and 2010, respectively; the regulated PM anehN€3ion rates
decreased by 98% each for all fuels and powertrains from 199LG(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 disethybrid buses. Driving cycle and bus size are the factors most highly correlated

with COz emission rates per VKT, which indicates £3nission rates, which are closely related
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Table2.1. Comparison of emission rates per vehidlemeter and per passengdlometer based on prior studies and predicted by the

Transit Bus Emission Model (TBEM).

ovel Transit Bus Emissions Model
ycle
Stud Bus Model | Driving | Average| Passengel Pollutant Emission Units 5 - Cycle Cycle
Y | Type | Year | Cycles® | Speed | Load (#)* Rate Drlvmge Average|  Average | .o
(km/hr) Cycles Speed Emission
(km/hr) Rate’
CO; 1,040| g/km 980-2,270| g/km
1
N CNG 2009 CBD 21.1 na THC 3.7 g/km CBD 21.1 5.011.6] g/km
ajbabael CO; 1,080 g/km 1,0602,460| g/km
l ki U ki
(32)?3.) CNG 2004 CBD 21.1 na THC 9.3 | g/km CBD 21.1 9.923.1] g/km
CO, 1,090| g/km 990-2,300| g/km
1
CNG 2003 CBD 211 na THC 10.6| g/km CBD 21.1 8.920.6 | g/km
12- NOy 9.5| g/km 8.7 | g/km
meter | 20002 V'jgfl‘g 31.2 17 CO 1.5 | g/km g’_\’p\ggk 32.2 1.2 | g/km
Guoet al | Diesel CO, 680 | g/km 660 | g/km
(2014) 12- Real NO, 8.9 | g/km 9.4 | g/km
meter | 20002 | "°°L | 29.5 17 CO 1.8| g/kkm | HDUDDS | 30.3 1.4 g/km
Diesel CO, 630 | g/lkm 670 | g/km
12- NOx 0.3| g/pkm | Mexico 0.4 | g/pkm
vuetal. | oter | 20002 | R€& | 91 30 co 0.1/ gipkm | O 21.7 0.1 g/pkm
(2016) Diesel world ' i Schedule ' i
THC 0.01| g/pkm | Mode 3 0.01| g/p-km
Notes: 1. The bus size was not reported by Hajbabgal. (2013) for the measured compressed natural gas (CNG) transit buses.

2

(o2 I &2 I SN V]

\l

. The bus model year was not reported by €al. (2014) and Yet al. (2016). Since the measured buses were botliedntd Eure

Il emission standards which apply for buses between the 2000 and 2004 model year, to make a fair comparison betwesmt independ
data and TBEM estimates, the buses were assumed to be 2000 model year transit buses.

. CBD: Central Business Digtt driving cycle

. ha: not available. The passenger load was not reported by Hajeahla€013).

. g/pkm: gram per passenger kilometer

. WVU 5-peak: West Virginia University-peak driving cycle; HDUDDS: Heavy Duty Urban Dynammeter Driving Scedule driving

cycle

. Since Hajbabaeit 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 forradler bus carrying 5 passengers. The upper bound refzreseission rates for an-h&eter
bus carrying 110 passengers.
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Table2.2.

Spearmandés correlation c oleldnketerandpent s

passengekilometer for each pollutdrversus each selected factor, including bus size, fuel and
powertrain, passenger load, driving cycle, and model year.

Factors
Emi ssiédn R Bus| Fuel |Pass ACi/yecrl Mo d e
Si 2¢(Power* Lo&d e.| Yedr
Spe‘e
NQ 0.1 -0.06 0.04 -0.3| -0.38
Emi ssi on coO 0.0 0.46, 0.0 0.2 0.2
Ve hiKcilleo mg CQ 0.5 0.0 0.1( -0.7| 0.0
(g/ km) THC| 0.0/ o0.70 0.0] 0.2( -0.4
P M 0.1 -0.48 0.0 0.2 0.5
NQ 0.1 -0.08 0.5 -0.2| 0.4
Emi ssi on coO 0.0 0.31 -0.3| 0.1 0.2
Passe&ndem CQ 0.2 -0.02 -0.8| -0.3] 0.0
(g/ pasks®gnl ryc|l o.0/ o0.67 0.3 -0.1] 0.3
P M 0.0 -0.40 0.4 -0.1| 0.5
Notes:1. Emission rates are estimated based on transit bus emissions model (TBEM). Total
number of simulated cases is 26,880 (8 bus types x 8 passenger loads x 20 driving
cycles x 21 model years)

2. Number inbold indicates the highest absolute correlation coefficient for each pollutant
emission rate.

3. Bus sizes include-®eter, 12meter, ad 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;luybsie 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 rab@eto68.3
km/hr.

7. Model year ranges from 1990 to 2010 in increments of one year.
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to energy use rates, are m@ensitive 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
egecially for NG, CO, and C@ As passenger load increases, emission rates per PKT
substantially decreag&allivan 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 ordemsaghitude higher THC emission rates compared
to diesel and diesdlybrid 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 amor role for emission rates per PKT.
2.4.3Model applications

Examples of tradeoffs in TBEM predicted average emission rates for a 2010 model year
bus with 40 passengers are showFRigure2.1. 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 NO« emission rates than diedg}brid buses regardless of bus size. The high NO
emission rates for 2010 model year didsgbrid buses were largely due to lower exhaust
temperatures associated with intermittent engine operation, which leads to decreased SCR
catalyst efficiency{Guo et al., 2015) Guoet al.(2015)used PEMS to measure bus hot
stabilized tailpipe N@emission rates and exhaust temperatures for four diesel and twe diesel
hybrid buses. The PEMS measurements were conductedoreatworld 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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Figure2.1. Examples of emission tradeoffs in emission rates per vetilolmeter among eight

bus types for a 2010 model year bus with 40 passengers: fa)ekEDs CO; (b) NOversus
PM; (c) NO versus THC; and (d) THC versus PM. Emission rates per veliioteeter are

based on the average of 20 driving cycles.
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temperaturdor dieselhybrid 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 N&emission rates compared to the diesel buses. CNG busestitstantially
higher CO emission rates than diesel and diegetid buses. CNG buses have higher engine
out CO emissions than diesel powered buses as a restdichi@metric combustion versus
excess air combustion, respectively. Additionally, highed@ssion rates for CNG buses with
stoichiometric agines and TWCs are also caubgdoeriodic operoop engine operation
(Eriksson and Nielsen, 2014Among the eight bus types, thereter diesel bus is the best
choice in terms of lowest N@nd CO emission rates, as smoin Figure2.1(a). For the second
best choice, there is a tradeoff betweendier CNG and 2-meter diesel buses. An average 9
meter CNG bus has a slightly lower N@mission rate but an over X@dd higher CO emission
rate than an average-hzeter diesel bus.

An example of an emissions tradeoff between @ PM is shown ifigure2.1(b).
For a given size, CNG buses have lower PM emission rates but highenhg3ion rates than
diesel buses. For examplenteter CNG buses have 68% lower PM emission rates but 11%
higher NQ emission rates thanr@eter diesel buses. There is also a tradeoff betweemeie
diesethybrid buses and i®eter diesel buses for N@ersus PM. The theter diesehybrid
buses have 35% higher N@®mission rates but 21% lower PM emission rates thamét@r
diesel buses. Among all of the eight bus types, there is a tradeoff for the best choice in terms of
lowest NQ and PM emissionates. The 9neter diesel bus has the lowest average &tfiission
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 efreter diesel buses is effective in avoiding some NO

emissons but with the tradeoff of generating excess PM emissions.
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There are tradeoffs between Néahd THC emission rates as showrrigure2.1(c). The
THC emission ratedr CNG buses is one to two orders of magnitude higher than for diesel and
diesethybrid buses. THC emissions are typically higher for stoichiometric combustion, as is the
case for CNG buses in recent model years, versus excess air combustion, asesftiredeesel
buseqNix et al., 2011) Diesethybrid buses have lower THC emission rates but higher NO
emission rates compared to diesel and CNG lnesgsdless of bus size. For a given bus size,
2010 model year diesel buses have slightly lowex 8l@ission rates than 2010 model year CNG
buses due to the effect of SCR in reducing<E@issions for diesel buséSlark et al., 2012;
Guo et al., 2014) The 12meter hybrid bus is the best choice in terms of the lowest THC
emission rates, but it has higher Nédnission ratethan diesel and CNG buses for any size. The
9-meter diesel bus is the best choice in terms of the loweseM{3sion rates, but it has higher
THC emission rates than 4feter and 18neter hybrid buses. Since Nénd THC are
precursors for grountkvel zone formatior{Seinfeld and Pandis, 201 @he tradeoff between
NOx and THC emission rates has implications with respect to management of-tgeeind
0zone concentrations.

The emissias tradeoff between THC and PM is showirigure2.1(d). CNG buses
have lower PM emission rates but higher THC emission rates than diesel andhyheskebuses
regadless of bus size. The-Ieter diesehybrid bus has the lowest THC emission rate but
higher PM emission rates than any CNG buses and thaet& and 12neter diesel buses. The
9-meter CNG bus has the lowest PM emission rates but higher THC emasisthan diesel
and diesehybrid buses for any size.

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

climate change in the case of £€&hd adverse human health effects in the cases oAN®DPM.
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Therefore, the tideoffs among these pollutants are illustrateBigure2.2 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. Ihet@r CNG bussehave the

lowest CQ and PM emission rates, and have the second loweseM@sion rates. Although 9

meter diesel buses have the loweskMN@ission rate, they have higher PM emission rates than

any CNG buses. The result for PM is in accordance with&al.(2014) in which average PM
emission rates for diesel buses were about three times higher than for CNG buses &ased on
PEMS study for 13 Eur¥ transit busesAlthough diesehybrid buses are more energy

efficient than diesel and CNG buses, they have higherdd@® PM emissions rates due to

frequent starts of the internal combustion engine (I@ip et al., 2016 On average, the ICE

shut off for roughly 80 seconds before the ICE start.

@ 9mCNG
@ 12mCNG
| @ 18 mCNG
| B 9 mdiesel
| M 12 mdiesel
B 18 m diesel
12 m hybrid
18 m hybrid

Figure2.2. Comparison among eight bus types of emission rates per vkihicteeter for CQ
versus NQversus PM for a 2010 model year bus with 40 passengers. Emission rates per
vehiclekilometer are based on the average of 20 driving cycles.
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Details regarding the VK-based emissions tradeoffs for 10 pairs of pollutants among
eight bus types with variedapsenger 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
valueof 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 passengeiswispeed cycle
(e.g., New York Bus CyclfNYBC] with average speed of 6.0 km/hrjpeter diesel buses have
3% lower COz but 8%higherNOx VKT -based emission rates thaim@ter CNG buses. When
operating on a high speed cycle (e.g., King County Mey@deJKCMC] with average speed of
37.3 km/hr), 9meter diesel buses have 3figher CO; but 28%lower NOx VKT -based emission
rates than 9neter CNG buses. For a given passenger load and driving cycle, the tradeoffs
among pollutants are sensitive to modehly For example, for buses with 40 passengers
operating on the KCMC,-fheter diesel buses hatree lowestNOx emission rates aritie fourth
lowestPM emission rates among the eight bus types in the 2010 model year. However, in the
2004 model year,-fneter diesel buses hatiee fourth lowesNOx emission rates arttie sixth
lowest(i.e., the third highest) PM emission rates among the eight bus types.

Emissionbased rankings of bus types are showhrigure2.3 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 ashe bus size becomes smaller. Nmeter buses have lower PKT emission rates
relative to 12meter buses, and 4fieter buses have lower PKT emission rates relative-to 18

meter buses.
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Figure2.3. Rankingsversus 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 PBased emission rates differ by pollutants.
For CO, emission rates are lowest for diesel and highest for CNG. For THC, emission rates are
lowest for diesehybrid and highest for CNG. For PMNG buses have the lowest emission
rates and diesdlybrid buses have the highest. Ford@d CQ, the rankings are dependent on
bus size and fuel and powertrain. For a given bus size, diesel buses with SCR have lower NO
emission rates than CNG busé$owever, a larger diesel bus has a highek Bidission rate
than a smaller CNG bus. Diedslbrid buses have the highest Nédnission rates compared to
CNG and diesel buses regardless of bus size. Fgraf@ given bus size, CNG buses have the
lowest emission rates due to lower carbon content for natural gas compared to diesek Diesel
hybrid buses have lower G@mission rates than diesel buses because igbat buses are

more energy efficient than conventional diesel buses. However, the raftdi@f3: emission
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rates are also dependent on bus size. A larger CNG bus has higlemniS€lon rate than a
smalle diesel and diesélybrid bus.

To evaluate if the comparison of emissimesed bus choices is sensitive to passenger
load, driving cycle, athmodel year, emission rates per pollutant were quantified and compared
with varied passenger load, driving cycle, and model year, respectively. As an exabfde,
2.3 shows variation in N@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 caN&sigmission rates per
PKT decrease by 85%, 90%, and 94% f9rl2-, and 18meter 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,ltveest PKFbased N@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;met&8 diesel bus full
with 110 passngers has 19% lower PKiased average N@mission rates than a-h2eter
diesel bus full with 60 passengers, and 25% lower rates thaneded diesel bus full with 40
passengers.

Details regarding the variations in PKORsed emission rates for othetlp@ants with
varied passenger load among the eight bus types are shown in the Supplementary Materials. For
a given bus type, Pkbased emission rates for all pollutants decrease as passenger load
increases. For a given fuel and powertrain and passkagkismaller 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 lowerlfis€d emission rates than a
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Table2.3. Mean NQ emission rates per passeng@ometer based on the average of 20 driving

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

Mean NQ Emission Rates per Passenff@ometer (mg/passengdim)
Bus Type 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
12mhybrid [222] 62| 32| 22| 17| 14| 12
18 m CNG 101 51 26| 18| 14| 11| 10 8 8 7 6 6
18 m diesel 47 24| 17| 13| 10 9 8 7 6 6 5
18 m hybrid ! 86| 44| 30| 23] 19| 16| 14 13[ 11] 11] 10

| T HNEEe

5 22 38 71 120
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smaller bus depending on the fuel and powertrain, especialy@cand THC. For example, for

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

emission rates per PKhan a 9meter CNG bus carrying 40 passengers baset anerage of

20 driving cycles.

Variation in PKTbased emission rates with cycle average speed is illustraiethi®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, Nemission rates decrease by 56% to 87% depending on the bus type.

At cycle average speeds below 13 km/hr;raéer CNG bus is generally the best choice in

terms of the lowest N Oemission rate. However, above 16 km/hr:raé&er diesel bus is the

best choice for NO SCR used on 2010 and newer model year buses tends to be more efficient
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Table2.4. NOx emission rates per passenggometer with 20 cycle average speeds for each bus type for a 2010 model year bus with
40 passengers.

NOx Emission Rates per Passen@@ometer (mg/passengém)
Bus Type Cycle Averagespeed (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
9 m diesel 15| 10| 10| 10 9 7 7 7 7 7 7 6 6 6 6 5 5 6
12mCNG | 21| 13| 14| 12| 12| 10 9| 10| 13| 11| 12 7 9 9 8 6 9 9
12mdiesel | 23| 14| 14| 14| 12 9 9 9 9 9 9 7 8 8 7 6 6 7
12 m hybrid - 26| 26| 25| 22| 17| 16| 17| 17| 16| 17| 14| 15| 15| 12| 11| 11| 12
18mCNG | 31| 19( 20( 17| 16| 14| 13| 13| 17| 14| 16| 10| 11| 11| 11 7| 11| 11
18 mdiesel | 33| 20| 20| 19| 17| 12| 12| 12| 13| 11| 12| 10| 11| 10 8 7 8 8

18 m hybrid 35| 30| 23| 21| 23| 23| 21| 22| 18| 19| 19| 15| 13| 14| 15

4 9 15 26 43 60

O (N[O~ |M~O
O IN(N| PO~
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in reducing NQ emissions when the engine operates at higher(foladk et al., 2012Guo et
al., 2014) This finding is consistent with Xet al. (2015)in that NG emission rates were lower
for CNG compared to dieséuses for low speed cycles, but for high speed cyd{@semission
rateswere higher for CN@&ompared to diesel buses.

The effect of bus size and passenger load on emission rates per-kidokger is larger
for lower speed driving cycles. For exale, on aNYBC, 60-foot diesel buses carrying 40
passengers had4% higher NQ emission rates per vehiekdometer than 3@oot diesel
buses carrying 40 passengers. However, KE€MC, the difference in NOemission rates per
vehiclekilometer for 66foot versus 3doot diesel buses carrying 40 passengers is 48#%
higher. On &NYBC, 30-foot diesel buses carrying 40 passengers Ba%e higher NQ
emission rates per vehiekidlometer than those carryingpghssenger. However, ork&MC, the
difference in NQ emission rates per vehiekiometer for 36foot diesel buses carrying 40
versus 1 passengers is ol higher.

The emissiorbased comparison of bus types with driving cycles varies by model year.
For 2007 model year buses with 40 passengersnat8r CNG bus is the best choice for,NO
regardless of driving cycle. For cycle average speeds range from 6.0 to 68.3 km/hr, a 2007
model year 9meter CNG bus has 83% to 91% lower Ngnission rates than &@7 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 &@ission rates than diesel
buses equipped with EGR but without SQ\RX et al., 2011) Details regarding the variations in
PKT-based emission rates for other pollutants, including, ©O, THC, and PM, with
variations in cycle average spemtiong 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 CQ, CO, THC, and PM, the emissiiased bus choice is not sensitive to cycle average
speed. Foraample, for a 2010 model year bus with 40 passengengt®r CNG buses have the
lowest PM emission rates for cycle average speeds rangingftota 68.3 km/hr

The effect of variation in model year on Pi&ased N@emission rates is illustrated in
Table2.5 for 40 passengers and an average of 20 driving cycles. For each bus type, NO
emission rates decrease as model year increaseseri€sion rates decrease by 98% for CNG
and diesel buses M 1990 to 2010, and by 88% for diesgbrid 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 PKTbased 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 emissiofor&@87 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 modeltgpeaeet the 2007 NGemission
standard¢EPA, 2015a) Prior to 2007, U.S. CNG buses had ksamn engines. CO emission
rates are higher for stoichiometric engines with TWCs compared tdiearengines due to
periodic operdoop engine operatiofHajbabaei et al., 2013; Yoon et al., 2013; Eriksson and

Nielsen, 2014)
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Table2.5. Mean NQ emission rates per passeng@ometer based on the average of 20 driving
cycles for each bus type for a bus with 40 passengers and different model years.

Mean NQ Emission Rates per Passeng@ometer (mg/passengdm)

Bus Type Model Year
1991 1994 1998 2004 2007 2010

248 294 129 10 8

9 m diesel 170 90 7
12 m CNG 168 12 10
12 m diesel 223 119 9
138 142 17

225 17 14

18 m diesel 301 160 13
18 m hybrid 186 191 23

7 74 141 275 ar7 678

2.5Conclusions

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 foaN®PM emission
rates. Fuel and powertrain is an important factor for CO and THCiemrsdes. Driving cycle
and bus size are important factors forx@mission 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 peioPKDx 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\N@d PM enssions, 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 nosmttainment or maintenanceea 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-tgeeind
ozone concentration fahat area and might also contribute to secondary organic aerosol
formation.

Transitions from diesgbowered buses to CNG buses can help reducea@GOPM
emissions but can increase CO and THC emissions as eaffadecrease in THC emissions
may affect secondary organic aerosol formation and, #fiextPM concentrations in thair. In
addition, CNG buses are more effective in reducing Bi@issions than diespbwered buses,
particularly for low speed bus routesd., downtown areas).

For a given fuel and powertrain and pollutant, smaller buses have loweb¥%ed
emission rates than larger buses. However, a full large bus has lowdyaBEd emission rates
than a full small bus. Additionally, the effect of ksize 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 emissiorbased comparison amongsbtypes varies by pollutant. Based on 2010 and
newer model year busesn®ter CNG buses have the lowest \(Kdsed emission rates for €0
and PM, 9meter diesel buses have the lowest ViKE@Sed emission rates for Né&nd CO, and
12-meter diesel hybrid bes have the lowest VKkibased emission rates for THC.

There are interactions between bus size and fuel and powefi@ia given passenger
load, driving cycle, and model year, a smaller CNG bus can have highelo&€@ CO and

THC emission rates thanager 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 grotiegtel ozone concentrations and might also contribute
secondary organic aerosol formation.

The comparison of bus types is dependent on interactions between driving cycle and
model year for N@for 2007 and newer model year buses that account for almost 60 percent of
the current U.S. transit bus fleet. iimplies 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 N@mission 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 N&emission rates. However, in the 2007 to 260flel year, a CNG bus
is the best choice for N@egardless of driving cycle. This finding can help transit planners for
bus fuels and powertrains arrangement in rural and urban areas to redusmiskons and
mitigate groundevel ozone concentratioespecially for ozone neattainment and maintenance
areas.

The empiricallycalibrated emission factors in TBEM are different88% to +122%
than those from MOVES depending on the bus size, fuel and powertrain, passenger load, model
year, and pollutantsLarge 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 rateso leade
accurate emission factors.

The effect of engine stegtart technology on transit bus emission rates should be

assessed and, if substantial, could be incorporated into emission factor estimation modeling. PN

62



emission rates could be incorporatethiTBEM 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 dateorlRdEMS
data can also be ed to calibrate TBEM if the secoily-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@pending 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 beteteeshdan 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 le@mdincrease 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 factorsised 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 re¢gephEmission
analysis for transit authoritieS.BEM was calibrated to driving cycles that include a wide range
of realworld transit bus operations, such as in New York, Washington DC, Paris, and Mexico
City, thus, it iswidely applicable to estimate realorld bus &ilpipe 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 altermatiuel 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 delop 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 PortaldEmission Measurement Systems to Variation in Engine
Volumetric Efficiency.Journal of the Air & Waste Management Associaf0a1, 71 (9), 1127
1147.
3.1 Abstract
Light-duty gasoline vehicle (LDGMpilpipe emission rates can fQeantifiedbased on
pollutantconcentrations measureding prtableemissionmeasuremendystems(PEMS.
Emission rates depend on exhaust flow. For simplified and fREMS, exhaust flow is
inferred from engine mass air flow (MAF) and-torfuel ratio. For many LDGVs, MAF is
broadcast via the eboard diagnostic (OBD) interface. For some vehicles, only indirect
indicators of MAF are broadcast. In such cab®&E can beestimated using the speddnsity
method (SDM) TheSDM requires an estimate tife engine volumetric efficrey (VE), which
is the ratioof actual to theoretical MAFVE is affected byntra-vehicle variability in theengine
load andnter-vehicle variability inengine characteristi¢g.g., the type of valvetrain). The
suitability of SDMbased estimates of MAIn conjunction with simplified and mictBEMS has
not beeradequately evaluated. Therefore, the objectives are to: (1) quantify VE accounting for
intra- andinter-vehicle variability; and (2) evaluate thecuracyof SDM-based vehicle emission
rateestimaton approachesSeventyseven naturalhaspirated DGVs were measured using
PEMS. For each vehicle, VE was estimateging three approache¢l) constantVE calibrated

to actual fuel use; (2) average estimates of VE for Vehicle Specific Poadesimputed from
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OBD data;and (3)modeledVE usingmultilinear regression (MLR). Th®@LR models were
developedased orengineload andenginecharacteristics Thebest model was selected based
onvariousstatistical diagnosticsWhen engines weraderload, variability in VE wasmost

sensitive to variations in engine load. During idling, VE differed between engines depending on
engine characteristicsLhe constant and modeled \é&timationapproaches enabllee accurate
estimation oimicroscale and esoscale emission ratevith errors typically within +106

comparedo values imputed from OBD data. Thus, accurate emission rates can be obtained
from simplified and micrePEMS.

3.2 Introduction

Light-duty gasoline ghicle (LDGV) tailpipe emission rates cha quantified based on
realworld measurements usipgrtableemissionmeasuremengystems (PEMS{U.S.
Environmental Protection Agency [EPA], 200 BEMS measurements are made under actual
traffic and ambient condition@-rey et al., 2003)Because they are based on representative
operating conditionghe emissiomeasurementsased on theEMS have the potential to
improve the accuracy of vehicle emission factwmpared to those derived from laboratory
based test metho@dKousoulidou et al., 2013)

LDGVs dominate the onoad vehicle fleet in the U.S. and China, and the share of
LDGVs in the European Union has increasethelastdecadgDavis and Boundy2020;
International Council on Clean Transportation, 2026)2019, 252 million light-duty vehicles
(LDVs) comprised 2% of the U.S on-road vehicle fleeFederal Highway Aministration,

2020) About 986 of U.S.LDVs are LDGVS(EPA, 2021) In China, the proportion of LDGVs
to LDVs is similar to thain the U.S (Davis and Boundy, 2020)In the 2018 model year,

naturallyaspirated LDGVsn the U.S. and Chineomprisedabout70% ofthenew LDGV sales
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(EPA, 2019; ResearchInChina, 201Naturally-aspirated LDGVsreLDGVs that have
naturallyaspiratecengines Natural aspiration is a system of intaedelivery to the cylinders
thatdepends only on atmospheric pressand is not boosted through a turbocharger or
superchargefHeywood, 2018) In the European Union, the share of LDGVs amihreg_.DV's
has increased from 43% td% between 2012 and 2@{nternationalCouncil on Clean
Transportation, 2020)

LDGVs generate tailpipe exhaust gas emissions such as carbon dioxijlec@on
monoxide (CO), hydrocarbons (HC), and nitrogen oxidesNEPA, 2020) Secondby-
second emission ratean be quantified based on PEMS measurementgmpeaexhaust
pollutant concentrations and separate quantificati@xbéust flow rate(EFR) (Sandhu and
Frey, 2013)

PEMS are informally categori zed(Frays20¥8c o mp | i
Compliant PEMS, such as 8®r&®SEMTECHDS, meetstheU.S. Code of Federal Regulations
1065 requirementgndare used for ktuse compliance testin@&PA, 2005; Sensors
Incorporated, 2011)Simplified PEMS and mick®EMS are nostompliant PEMS that are
widely used to measure representative vehicle emission fastdrassess technologies and
driving behavior however, they are not used for regulatory certification tegkrgy et al.,

2010; Lozhkina and Lozhkin, 2016; Rop& 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., Zagz@xample,
Khanet al.(2020)evaluated geospatial variation of LDGV emission rates measured from
simplified PEMS. McCafferyet al.(2020)evaluated the effect of gasoline particulate filters on
gas direct injection (GDI) vehicle emission rates based onurezasnts with a simplified

PEMS. Yuaret al.(2019)used both simplified and mici@EMS to quantify LDGV emission
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rates for different gasolirethanol llends. Fernandest al.(2020)evaluated theffect of driving
aggressiveness on hybwdectric vehicle emission rateased on measurements with a micro
PEMS. Thiswork focuses orevaluatingthe accuracy of tailpipe emission rate estimates in non
regulatory measurements that are useful for devrgdopresentative emission factors.

A key difference between compliant versus-+tompliant PEMSs the approachsedto
guantifyEFR 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
thaneithera simplifiedor micro-PEMS Additionally, a compliant PEMS is typically heavier
this can increaséhetime and complexity for instrument installati(®andhu anérey, 2013)

Simplified and micrePEMS differ in size and weight. Simplified PEMS, introduced
around 2000, are illustrated by the GlobalMRV ORWDOAX Axion, which is the size of a
carry-on suitcase and weighs 35 [psey et al., 2003; GlobalMRV, 2008Micro-PEMS have
emerged since 2017, illustrated e 3DATX PaBYNC, which is no larger than 15 inches on
any side and weighs only 7 Ifdiller, 2018; 3DATX Corporation, 2018)

The smplified and mico-PEMS do not measure EFEEFR can be estimated based on
engine mass air flow (MAF) rate and-&irfuel ratia For many LDGVsthe MAF can be
logged via the vehicle enoard diagnostic (OBD) interfaggkhan and Frey, 2018)Air-to-fuel
ratio can beestimated from exhaust gas concentrations measured with a &&M&u and
Frey, 2013; Vu et al., 2020)

Using generic OBBNI scan tools, MAF is frequently not available under a standard
parameter identifier. For example, MAF was not recorded for 33% of o0&tl2BVs
measured by NC State Universitging a generic OBD scan tooiclusive of the range of 1997

to 2019 model years of the vehicle san{lbanet al., 2020; Wei and Frey, 2020y he

78



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 reporteidom the OBD,MAF can be estimated using
the speeddensitymethod (SDM)Y Bo | t , 1 9-loinh and €abh, 1997gThekSDMis
based on the ideal gas lavaccounts 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 thetheoreticaMAF (Heywood, 2018) VE indicates
the effectiveness of thar intake system of an enginéressure drops and frictional losses in the
intake system restrict intake airflow into each cylinddeat transfer andhe amount of residual
gasese&maining in the cylinder can also affect Y\lRakabayashi et al., 1982; Heywood, 2018)
These factortead toactualMAF being typically less tharthetheoreticaMAF of a naturally
aspiratecengine Moreover VE is affected byariability in engine load and variability in engine
characteristics such as engine cylinder displacement @@Bijpression rati¢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 engne load and engine characteristics is referred to here as
intra- and intervehicle variability, respectively.

VE is typically proprietary and not reported for a given engine modglhas typically
been assumed or estimafed use in the SDM as a basis for quantifying MAF and,
subsequently, tailpipe emission ra(8grvati and DelLosh, 1986; \fop d.@rkand Cobb, 1997;

Sandhu and Fr ebpman@ Kotel3 2014VHasgsan? Mpmirlet al., 2015; Khan and
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Frey, 2018; Fernandes et al., 2026pr exampleY o | t-l?om anki Kotek2014)assumed VE
as a constant (0.95), regardless of wdwrad intervehicle variability, to estimate MAF based on
the SDM for four measured vehicles. Khan and E2&y18)estimated/E asaconstant
regardless oéngine load, separatdigr each of 50 LDG&'s measureavith simplified PEMS
VE was calibratetbased orthe actual fuel usef each vehicle However, intravehicle
variability in VE was not quantified. Use otanstant VE for a given vehiglerespective of
load,may lead to errors ithe estmation of MAF under varying engine load Errors in
estimates of MAF lead to errors in EERtimatesand thus,in tailpipe emission rateHowever,
the magnitude of such errors in emission rate estimates has not been quantified

Although in some casegstra-vehicle variability VE was estimated or inferred for a
specific vehicle (orengind) Ser vati and De-Lomsid,Cobh, 9996 Hassdrm j t 2 g e
Monir et al., 2015; Fernandes et al., 2020 ervehicle variability was not quantified. For
example Fernandegt al.(2020)used VE inferred from the OBD to quantify SBiddsed
emission rates for a LDGV measd with a micrePEMS. Intraand intervehicle 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 PEMS8s, the suitability of SDNbased
estimates of MAF in conjunction with simplified and mig?&MS has not been adequately
evaluated.Hence, a framework is needed for inferring &&€ounting for both intraand inter
vehicle variability to support use of simplified PEMS and mie&MS.

The objectivedereare to (1) quantify VE accounting for intraand intervehicle
variability; and (2) evaluate treccuracyof SDM-based vehicle emission rates to alternative

approaches for estimating VEAccurate quantification of SDNdased emission rates enables
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widespreadise ofsimplified and micrePEMS including norregulatory angbolicy-relevant
applications such aschnology assessments, trends analysis, and emissions inventories.
3.3 Methods

The obgctives are addressed based onweald vehicle tailpipe emission measurements
using simplified PEMS Intravehicle variability in VE was quantified for eanteasured
vehicle, and variability in VE was quantified between vehicMsthods include (1) selection
of data (2) quantification ofintra- and intervehicle variability in VE; (3) development of
models that account for intrand intervehicle variability in VE and (4) comparison of emission
rate estimates among alternative approaches fon&tstig VE The Supplementg Materials
(SM) detail factors affecting variability in VE (Secti@nl) and the stepy-step procedure to
formulate and evaluate the VE models (SecBa?).
3.3.1Data selection

The study design faherealworld measurements vehicle tailpipe exhaust emissmon
includes vehicle selection, selection of routes, instrumentation, data quality assurance, and data
analysig(Frey et al., 2008; Sandhu and Frey, 2013; Yazdani Boroujeni and Frey, 2014; Vu et al.,
2020; Wei ad Frey, 202Q) Since 2008NC State Universityhasused simplified PEMS to
measure LDGVs on designated realrld routegFrey et al., 2008; Liu and Frey, 2015; Khan
and Frey, 2018; Wei and Frey, 2020) evaluate the accuracy of MAStimatedased orthe
SDM, such estimates need to be compared to MAF repivaiethe OBD For vehicles that
broadcast MAF, RPM, MAP, and IAT from the OB/fa generic parameter identifiefglAF
estimated based on the SDM can be compared with-@Pbrted MAF. There are 77 sin

naturallyaspiratedsehicles in the availableehiclesample This sample includes variability in
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model year, engine displacement, engine rated horsepowgFIQRPC, VVT, and VTthat
cause interehicle variability in VE.

To obtain engine charactstic data, the Vehicle Identification Number (VIN) was
recorded and a photo of engine compartment label was taken for each measured vehicle. The
VIN wasdecoded fronthe Search Quarryebsite(Search Quarry, 2021)Engine
characteristics, such as engine displacement, aupfttylinders, VPC, and VT, weobtained
from the VIN decode report. FI was obtained from the engine compartment label that is
typically located on thenderside of the hood of the engine compartment. Other engine
characteristic data, such as ratetgsepower, 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 leV@ars, 2021)

Vehicles wergreviouslymeasured on four designated realrld routesn Raleigh,NC
(Routes A, C, 1, and)3hat havea combined cumulative distance of 110 m{lesey et al.,

2008) The realworld routes include a wide range of posted speed limits varying framph5

to 70 mph The routes include various road types such as arterials, interstateangs and

road gradeangingwithin £10%. Variations in speed, acceleration, and road grade lead to intra
vehicle variability in engine loa(Frey et al., 2010; Hu et al., 2016)

Each vehicle was instrumented with a simplified PEEE., OEM2100AX Axion), a
genericOBD scan tool, and Global Positioning System (GPS) recei@&obalMRV, 2008)

The PEMS reasured C& CO,andHC concentrations usingondispersive infrare(NDIR)
analyzersand measureditric oxide (NO) and oxygen (fPconcentrations usinglectrochemical
analyzers. Thean-compliant PEMS accurately measti@0Oz, CO, and NO concentrations

within £5% (Vu et al., 2020) HC @mncentrations were used to provide relative comparisons
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because NDIR responds to variation$li@ for straightchain alkanebut partially respondfor
otherHC speciegStephens et al., 1996; Singer et al., 1998pD was used as a surrogate for
NOx emissions because LDGV NO emissions account for 95% efeN{ssiongWild et al.,

2017) Evaluation and validation of simplified PEMS are discussed in more detail elsewhere
(Myers et al., 2003yang et al., 2018; Vu et al., 2020)

Vehicle and engine activity affect vehicle emission rédeskson et al., 2006; Barth and
Boriboonsomsin, 2009; Sentoff et al., 201&n OBD scan tool was used to reconeé second
by-second vehicle activity data, such as vehicle spa®tiengine activity daig@MAF, RPM,

MAP, and IAT). MAF is typically measuredsinga hot wire airflowmeter which is located in
theengineair intake passagerhe hot wire airflow metesiccuratelyquantiies MAF typically
within £5% (Zhao and Wang, 2014)

Road grade affects engine load atdis, affects VEPierson et al., 1996; Cicero
Fernandez et al., 1997; Zhang and Frey, 20@S receiversquippedvith baroméric
altimeters were used to record rate GPS coordinates and elevatiof®ad grade was
guantified based on the changeshaelevation versuthedistance traveled for each @niile
road segmenbased orYazdani Boroujeni and Frg014)

For each vehicle, the measured seebypdecond data from PEMS, OBD, and GPS
receivers were synchronize@he measured data were quablgsured based on Sandhu and Frey
(2013) For each vehiclegheerroneous data generally accounted for less th@of3heraw
data and were either corrected or removEde most frequent errors were negative HC
concentrations or ato-fuel ratics that wereut of range.

For each vehicle, secofiy-secondoollutantemission rates were estimated based on the

measured exhaust pollutant concentrations and estimated HFEFR was estimated based on
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theair-to-fuel ratio inferred from PEMS measurements and lyWRich waseported fromthe
OBD interfaceor wasestimated based on the SOBandhu and Frey, 2013)
3.3.2Quantification of intra - and inter-vehicle variability in volumetric efficiency

Three approaches were used to iMErfor each vehicle (1) constant VE (2)
empiricaly deduced VEand (3)modeled VE.The constant and empirical VE approaches
described hereThe modeled VE approach is described in the next section.

On a secondby-second basid/E is estimated based on MAF, RPM, MAP, 1Adnd
engine characteristicicluding engine displacement, CR, and number of str@as 1947;

Vo t-l2om ankd Cobb1997; Sandhu and Frey, 2013)

“72) 1 g xdu

6 % "0, 20- P

-1 0 759 —

27 oQT.
where,
BP = barometric pressure (kPa), typically 101 kPa;
CR = engine ompression ratio;
D = engine displacement (L);
IAT = intake air temperaturéQ);
MAP = manifold absolute pressure (kPa);
MAF = mass air flow rate (g/s);
MWair = averagemolecular weight of air (g/mole), typically 29.0 g/mole;
N = number of engine revolans per air intake cycleN = 2 for a fourstroke engine
for a typical LDGV;

R = universal gas constant (8.314 J/mole/K);
RPM = engine revolutioaper minute (rpm);
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VE = volumetric efficiency.

In the constant approach, VE is estimateteconstant, irrespective tieengine load
For each vehicle, VE was estimated so that the suheskcondoby-second estimated fuel use
matched the actual fuel us&he actual fuel use for each vehicle was inferredllnyg the fuel
tank before and after the measuremeas taken; this was domsingthesame fuepump of the
same fuel stationThe secondy-second fuel use rate was estimated basdbeonarbon flow
rate, which depends on tMAF and airto-fuel ratio(Sandhu and Fyg 2013)

In reality, VE varies with engine load/E decreases from low to medium engine kad
and increases from medium to high engine $q&umus, 2011; Heywood, 2018fngines
typically operate at low engine speeds at low $odsbwer engine speeds haadéower intakeair
velocity and thus,alowerintake airpressuralrop. ThereforeVE is high at low engine load
and tends to decrease as laacteéases from low to moderatd/hen engine load increases
above moderate load, the inertia of the air in the intake syst#eases the intake air port
pressurewhich redues the pressure dropt high load, the momentum of the intake air will
carry proportionally more air into the cylindewven while the intake valve cles. This effect
becomes more pronouncedthsengine load increase3hus, VE tends to increasetagload
increases from moderate to high.

Engine load is welfjuantified by the product of RPM and MAR:(R) (Frey et al., 2010;
Fernandes et al., 2019Yehicle Specific Power (VSP) is an indicator ¢iie vehicleractive
power demand and has been used as the basis for modal models tosphecletemission rates
(JiménezPalacios, 1999; Frey et al., 2002; EPA, 2020; Wei and Frey, 2620example, the
14-mode VSP modal model developed by Feewl. (2002)includes 2 modes (Modes 1 and 2

that represent deceleration and braking, a mode (Mode 3) that represegisaid 11 modes
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(Modes 4 to 14) that include increasiig positive VSPthatrepresergcruisng or accelerating
For a given vehiclePrxm is highly correlated with positiveSP, with a correlation coefficient of
over 0.95 ThePrxm is positive and typically has a range that spans an order of magnitude.
Moreover, the distribution d?rxm is positively skewedHu et al., 2016) Thus, to distribute the
Prxm symmetri@lly, a log transformation d®rxm was made. The logarithm Bixm (Iog Prxm)
is used to indicate engine load.

VSP is quantified based dne speedandacceleratiorof the vehicleand road grade
VSP accounts fochanges in kinetic and potential energy, rolling resistance, and aerodynamic

drag For a typical LDGV, VSP is estimated @ménezPalacios,1999)

6306p$)AuIﬂJpp—Onnn$>oc TSI TT TT BT C
where,

a = vehicle acceleration (nfs

r = road grade (%);

\% = vehicle speed (m/s);

VSP = vehiclespecific power (kW/ton).

The definition of VSP modes basedtherange of VSP is given later ifable3.2.

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 walthrated so thahe sum ofthe
secondby-second estimated MABased on the SDMnatched the sum dfie secondby-second
OBD-reported MAFE To evaluate intevehicle variability in VE, VE in each S mode for the

selected 77 vehicles was estimated

86



3.3.3Development of models that account for intraand inter-vehicle variability in
volumetric efficiency

VE is affected by intravehicle variability in engine loadFor each vehicleheVSP
modalaveragdog Prxm Was estimated to represent engine load in each VSP mode, which
characterizes intrgehicle variability.

VE is also affected by interehicle variability in engine characteristissich as VHP, Fl,
VPC, VVT, VT, CD, andCR (Pulkrabek, 2003; Hong et al., 2004; Turner et al., 2004; Chen et
al., 2011 Heywood, 2018) VE tends to be higher for engmweith larger VHP(Pulkrabek,
2003) Fl includesport fuelinjection (PFI) and GDior the current U.S.DGV fleet (EPA,
2021) GDI engines tend to have higher VE tH2il engine¢Chen et al., 2011)An engine
with moreVPC tends to have higher V@Heywood, 2018) VVT is a process of changing the
timing of valve opening and closindnginestha haveVVT havea higher VE tharengines that
do not(Hong et al., 2004) An engine valvetraims a mechanical system traintrds the
operationof cylindervalves VTs include overhead valves (OHV), single overhead camshafts
(SOHC), and dual overhead camshafts (DOHZE tends to increase from OHV to SOHC and
from SOHC to DOHQTurner et al., 2004) VE is affected by derived term based @ylinder

Displacement an@ompressiorRatio (CDCR). CDCR is the reciprocal of CD minus the
reciprocal of theoroduct of CD and CR, o— —— . Larger CDCR indicates an engine

with smaller CD and higher CRVE is larger for smaller CD and for higher CR; thus, VE tends
to increase as CDCR increagPsilkrabek, 20034eywood, 2018) Details about the physics
that explain these trends are described in SeBibrin Appendix B

The procedure to formulate and evaluate models for inferring variability iis YW&sed

on quantification ofntra- and intervehicle varidility. The procedurgncludes (1) evaluation
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of correlations among potential explanatory varigh@sevaluation of potential interactions
between explanatory variabj€8) development of multilinear regressiviLR) models for VE
estimation;(4) statisticaldiagnosics of MLR models and (5) selection of a final model,
including biasassessmeniThe response variahlehich isbased on the empirical approash
VSP modalaverage VE for each vehicle for 14 VSP moded77 vehicles For eachvehiclein
each VSP modehemodalaverage VE was estimated based on the modal aver#ue AF,
RPM, MAP,andIAT according to Equation (1)The potential explanatory variables include
intracvehicle variability in modabveragdog Prxm andinter-vehicle variability in VHP, FlI,
VPC, VVT, VT, and CDCR VSP modalaveragdog Prxm, VHP, and CDCR are continuous
variablesVPC is a discrete variable (including VPC=2 and VPC=4), an®f¥T,, and VT are
categorical variablesFI=0 indicates PFI, and £1 indicates GDI VVT =0 indicate the absence
of VVT. VVT=L1 indicates the presence of VVTVT=0, 1, and 2 indicatOHV, SOHC, and
DOHC, respectivelybased on the assumption that the incremental difference in VE is equal in
magnitude This assumption is viéied in SectionB.3.1 and the result is shownTiable B18in
Appendix B
3.3.3.1Evaluation of correlations among potential explanatory variables

A high degree of correlations amongdel explanatory variables (MEVSs) can generate
bias when developing a modé&lela and Kopalle, 2002)Thus, evaluation of correlations i
needed to quantify the dependencies between potential MEVs and inform the selection of MEVs
to beincluded in a model TheSpearman correlation coefficier{fpearman, 1904nd Pearson
correlation coefficientgPearson, 1920)ere used to quantify the monotonic and linear
relationshig, respectively, between potential MEVEhe criterion to select MEV$&ased on

Spearman and Pearson correlation coefficjers: if two or more potential MEVs are highly
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correlated with correlation coefficier#s0.50, only one of the pential MEVswasselected
(Statistics Solutions, 2020However, as explained lategrae alternave modelshavinghighly
correlated MEVsvere consideredor whichthe effect of such correlations was assessed using
variance inflation factor (VIF).
3.3.3.2Evaluation of potential interactions between explanatory variables

In addition to the main effects tife MEVs, interactions betweghe MEVs might help
explainthevariability in the response variabl&or examplefor VVT enginesat higher engine
loads, the intake and exhaust valves eoatrolledto bekeptopen for a larger percentage of time
per cycleto increase aimtake and exhausiow (Heywood,2018) Becaus¢he MEVs include
categoricaldiscreteand continuous variableananalysis of covariance (ANCOVA) was used
to evaluate the significance thfe mainand interactioreffects(Tabachnick ad Fidell, 2019)
The criteria to select the maamd interactioreffects based on ANCOVAesults, for inclusion
in MLR analyses were

1 All main effect MEVs regardless of statistical significance because they physically

affect variability in VE;
 Statistically significant interactionspal ue O 0. 05) or suggest:i
interactions (0.05<p a | u e (Gelntan, 2003)

3.3.3.3Devebpment of multilinear regression models for volumetric efficiency estimation

MLR wasfit to potential MEVs to quantifghetrends in VE Multiple MLRs were
evaluated to assess the impact of including or excluding various potential MEMsmoodel
perfomance.For each MLR, parameters and statistics were estimated for each MEV, including

coefficients, {statistics, and{values MEVs were included in a model if their coefficients were
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statistically significan{p-value00.05 or suggestively significar{0.05 < pvalue00.20)
(Gelman, 2013)

In addition, stepwise regressjamith forward selection and backward eliminatiaras
usedto develop some of the alternative mod&lsvore, 2015) Sepwise regression with
forward selectiorstartedwith no MEVs,tested andddedMEVs based on whether theyalues
of their coefficientaveresignificantor suggestiveand repeadthis processntil no additional
MEV could be added. t&pwise regression with backward eliminatstartedwith all potential
mainand irteraction effects of th®IEVs, tested andleleed MEVs based on whether the p
values of their coefficientwereinsignificantor notsuggestive, antepeagdthis process until
no further MEVcouldbe deleted.The cutoff of pvaluesfor addingor deleting MEVs wa$.05
at the statistical significandevel and0.20 at the suggestive levéGelman, 2013)
3.3.3.4Statistical diagnostics of the volumetric efficiency models

Statistical diagnosticsised to evaluate candidate modetdude VIF for each main
effect, Akaike information criterion (AIC)o0efficients of determinatiofR?), and adjusted R
VIF is used to quantify the severity of collinearity for an MEmes et al., 2013VIF larger
than 3 is used to indicatégih collinearity(Sheather, 2009)VIF was notestimated for
interaction effect®ecause interaction effects affect \(idlison, 2012) AIC is an estimator of
out-of-sample prediction error forgivenmodel(Akaike, 1998) Amongalternative models, the
model withthe smallest AIC is typically preferred R? is the proportion of the variability in the
response variable that is explad by the modgWright, 1921) The adjusted Ris adjusted

downwardfrom R2 based on the number of MEVs in the mo@ddeil, 1961)
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3.3.3.5Model bias assessment

The preferred model was evaluated to assesdbses] on three aspects, including: (1)
slope and intercept of a parity plot; (2) normality of the distribution of residualg¢3and
independence of residuals from MEVsinéar least squas regression (LLSR) was used to
compare empirical and model predicted M&Sed on datér 14 VSP modeand77 vehicles If
the slope and intercept from the LLSR is one and zero, respecheddigscorrection is needed
Additionally, if themodelresiduals are normally distributegymmetric at zer@ndindependen
of the MEVs, the preferred model is deemed to be unbiased and selected as the final model.
3.3.4Comparison of emission rate estimates among approaches for estimatwmgjumetric
efficiency

In the modeled approacWE for each vehicle in each VSP modas estimatetased on
the final model accounting for intrand intervehicle variability. Vehicle emission rates are
affected, in part, by emission standafi®A, 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 standard¥/E varies among emission standards because engine technologies
(e.g., Fl, VPC, VVT, VT) have typically improved #dsesestandards have becommre
stringent(EPA, 2021) The vehicles were grouped based on emission standards and the most
sensitive sourcefonter-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 bagisrey, 2018) Microscale timébased emission rates were
guantified 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,

MRvM.p,i = VSP modal emission rates (g/s) for vehi¢l& SP modéV, pollutantp,
and VE approehi;

ER/Mpti = secondby-second emission rates (gfsj vehiclev, VSP modeM,
pollutantp, timet, and VE approach

tv,m = time duration for vehicle in VSP modeM (s);

i = VE approach, including constant, empirical, and modeled approaches;

M = VSP mode, M=114;

p = pollutant, including C@ CO, HC, and NQ

t = secondby-second time;

Y = vehicle.

To evaluate the sensitivity of microscale tiveesed modal emission rate estimatethéo
VE estmation approach, VSP modal ratesre estimated and compared for thee VE
estimation approachgsased on an average vehicle in each vehicle group

Mesoscale cyclaverage emission rates (CAERs) were quantified as the mass of
pollutant emitted per mile for a given driving cy¢iational Research Council, 2000; EPA,
2001) CAERs for a given vehicle and driving cyelereestimated by weighting the VSP

modal rates by the fraction of time speneach mode for a given cycle:

oQTmnTB - 2800 & h
41 % ¢ h Ak A .
3
where,
CAERvcpi = cycle-average emission rates (g/mile) for vehigldriving cyclec,
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pollutantp, and VE approach

Fm.c = fraction of time spent in VSP mode fdr driving cyclec (fraction);
S = cycle-average speed fairiving cyclec (mph);
c = driving cycle

To evaluate the sensitivity of mesoscale distareesed CAER estimatestioe VE
estimation approach, CAERgere estimated and compared for tineee VE estimation
approachedased on an average vebiah eab vehicle group
Fourteen driving cyclethat vary in VSP distributionncludingfive reatworld driving
cycles andhinestandard driving cyclesvere used to compatke VE estimation approaches
Thefive realword driving cycles include an average &yfir eaclroute(A, C, 1, and 3and an
additional driving cycleéhatrepresergrealworld aggressive drivin@Route 1%. The standard
driving cyclesinclude: (1)the Federal Test Procedure (FTP), Highway Fuel BiecgnTest
(HFET), US06, and SCQ3sed for emission certification testi(igPA, 2015) (2) the Los
Angeles 92 (LA92rycleused withCalifornia emission standar@®ieselNet, 2017)(3) the
New European Driving Cycle (NEDCWorldwide harmonized Light vehicles Test Cycle
(WLTC), and standardizelandomTest 95 aggressive (RTS95)cle thathave been or are
currentlyused in EuropéDieselNet, 2013, 2016, 2019nd (4) he China Lightduty vehicle
Test Cycle- Passenger car (CLTE) (Sun et al., 2020)
The empirical approach was used as the baseline to quantify the percentage difference in
modal or cycleaverage rates versus constant and modeled approaches. fesstedvere used
to evaluate if such diérences are statistically significgi@resse and Whitford, 1986) A p-
value was estimated for each pairgddt. Percentage differenceswith@m | ues O 0. 05 we

statistically significant. Additionally, differences within 5% w@rdged to bensubstantigl
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given uncertainties inherent @mission rates that are based on-vealld 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 estimatezhfoiS€amode based on
each VE approach, and CAERs were estimated for each driving cycle based on each VE
approach.Results include (1) overview of selected vehiclesddriving cycles; 2) VE modes;
(3) comparison of modal rates among VE approgad@somparison of cyclaverage rates
among VE approachgeand (5) snsitivity of comparisons to vehicle groupshe SMincludes
results regarding formulation and evaluation of MLR models foe¥timation(SectionB.2),
sensitivity analyses of VE versus engine load with respect to each(B&ttonB.3), and
comparison of VSP modal emission rates and CAIBRYE estimation approaches for each
vehicle groug(SectionB.4).
3.4.10verview of selected vehicleand driving cycles

Figure3.1 shows the distributions of vehicle and engine characteristics for the selected 77
LDGVs. The vehicle sample cov@a wide range of vehicle and engine cloggastics.

The selected driving cycles are showrfrigure3.2 with respect to the distribution of
time spent in each VSP mode. The selected cycles cover averade ispepng from 18 mph to
59 mph and have substantial variability in the distributions of the VSP. Among the five real
world cycles inFigure3.2(a), cycles A, C, and 3 have more time at low VSP, in Modas 1

compared to cycles 1 and 1*. Conversely, cycles 1 and 1* have [figtigons of time spent at
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Figure3.1. Distributions of vehicle and engine characteristicibselected 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. GDIGas Direct Injection; PFI: Port Fuel Injection; VVT: Variable Valve
Timing; OHV: OverHead Valves; SOHC: Single Ovelead Camshafts; DOHC: Dual Over

Head Camshafts. All vehicles have thieay catalysts.
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(c) Standard Cycles Used in China and European Union
Figure3.2. Fraction of time in each Vehicle Specific Power (VSP) mode for: (a) fivenedd
cycles (i.e., Rutes 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 Chifauesmkan
Union (i.e., China Lightluty vehicle Test CyclePassenger car [CLT€], New European
Driving Cycle [NEDC], Worldwide harmonized Light vehicles Test Cycle [WLTC], and

standardized Random Test 95 aggressive [RTS95]). @yeege speed is indited for each
cycle.
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high VSP, in Modes 14, comparedo 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.

Amongthe standard U.S. cycleBifure3.2(b)], the US06 cycléas asubstantially
higherfractionof time spent inhigh VSPmodes(Modes 1014). TheVSP time fraction
distribution forthe FTPis similar to that ofealworld cycle A(Khan and Frey, 2016)Although
the HFET has a slightly higher cyed@eragespeed than the US06 cycle, the fraction of time
spent in Modes 14 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 andggaan Unionfigure3.2(c)], the
RTS95 cycle has a higher fraction of tisggent in high VSP mode<CLTC-P has the lowest
cycle-average speed and thigliest proportion of time (59%) spent in ModéS 1
3.4.2Volumetric efficiency model

To illustratethetrends in VE with respect to engine lo&tjure3.3(a) showsheVSP
modalaverage VE versus the modalerage log Rvm. TheVSP modalaverage VEs were
estimated for all 14 modes of 68 vehicles and for 13 modes of 9 vehideshe latter vehicles,
there were no Mode 14 datdihe mean trend in VIS approximatelyparatwlic with respect to
log Prxm. However, there is elusterof data, with modal VE ranging from@@to 093 and log
Prxm ranging from 439to 4.6, that can affect a parabolic curve particularly for low VE
under low load This cluster is fromiVSP Made 3. The Mode 3 data were separated from the
rest of the data, as indicatedrigure3.3(b) and 3(c). Models were developed separately for

these two data sets.
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Figure3.3. Empirical Vehicle Specific Power (VSP) modal volumetric efficiency (VE) versus

VSP modalaverage of theolgarithm of the product of RPM and MAP [log (RPMxMAP)] for:

(a) data points including all 14 VSP modes; (b) data points including XRiIleofSP modes

(the second order polynomial regression is used to fit the data); and (c) data points in the idle
VSP male (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 nemlle data ofFigure3.3(b) is described by a second order
polynomial. The trend of decrease and then increase in VSP versus enginedtoesisient
with the expected tren@umus, 2011; Heywood, 2018 he staistical diagnostics for this

simple model are shown able3.1(a) for noridle model (NM-2. The R of NM-2 indicates
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that 726 of thevariability in VE can be explaad by a quadratic function of engine load, which
accounts for intravehicle variability

Figure3.3(c) showgheVSP modalaverage VE versute modataverage log R for
the idle VSP mode of 77 vehicle& LSRis used to fit the dataAs engine load increases, the
pressure drop at the intake system increagieish causes Vo decrease The statistical
diagnostics for this simple modate shown imable3.1(b) for theidle model (IM}1. The R of
IM-1 indicates that only 28 of the variability in VE can be explained by a linear function of
engine load.

Nine NMsand ten IMs were developed and evaluat€able3.1 shows the MEVs
included and statistical diagnostics for each model, including VIF for main effects, Al@ndR
adjusted R. For nonidle [Table3.1(a)], NM-5 is selected as the best modetausét has the
lowest AIC. The VIFs for the main effesbf MEVsin NM-5 areless than 2, indicating low
collinearity. NM-5 has the thirdargest adjusted famongthe nineNMs. The adjusted Rfor
NM-5 is slightly smallerttan that for NM7 and NM9 by only 1.4% and 0.9%, respectiveiy,
a relative basisNM-9 is based on stepwise regression with backward elimination wittiyge>
0.15 NM-9 has higher adjustec?han NM-5; however, it has higher AIC than NM5. NM-9
also hasigh VIFs for VVT and VT which indicates that this model is biased by high
collinearity. Although NM-7 has the highest adjusted, R is not selected as the best model
becaus¢he model coefficients fd&22 of 29 MEVs are not statisti¢glsignificant, VIF is high for

VHP, VVT and VT, and AIC is the thirtlighest amonghe nine NMs.
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Table3.1. Summary of multilinear regression models for volumetric efficiency for: (ajidiermode models; and (b) idle mode
models. Selected main effects, interactdiects, and statistical diagnostics are reported for each model, including variance inflation
factor (VIF), Akaike information criterion (AIC), coefficient of determinatiorf)(Rind adjusted R

(a) Nonrridle mode Models (NMs)

Variance Inflaton Factor (VIF) for Each Includeg L2 Included
NM | Main Effect ofExplanatoryVariable in the Model . . .
No. @ 3 4) in the Interact!on Effects AlC R2 Adjuzsted
1 El TVPC T W 1 VT Model Included in the Model R
L | CDCR | VHP | ®) @ ®) (yes/no)
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 26| 12| 15 yes LxCDCR, CDCRXxFI, FIxVPC -5,467| 0.868 0.867
4 1.0 1.7 26| 1.2 1.7 yes LxCDCR, CDCRxFI -5,468| 0.867 0.866
5 1.0 1.8 24| 1.2 15 yes LxCDCR, LxVT, CDCRxFI -5,481| 0.872 0.871
6 1.0 1.0 1.0 yes LXCDCR, CDCRxFI -5,470| 0.866 0.865
All 21 pairwise interactions among L,
7 1.0 2.0 3.0| 1.3| 1.9 52| 4.2 yes CDCR. VHP, FI. VPC, WT and VT -5,453| 0.886 0.883
8 1.0 3.7| 3.7 yes LxVVT, LxVT, CDCRxFI, FIXVT -5,475| 0.871 0.870
LxVPC, LxVVT, LxVT, CDCRxFI,
CDCRxVVT, CDCRxVT, VHPxVPC,
9 1.0 3.7| 3.7 yes VHPXVT, FIXVT, VPCXVVT, -5,470| 0.881 0.879
VPCxVT, VVTxVT

Continued on next page.
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Table 3.1 Continued.
(b) Idle mode Models (IMs)

Variance Inflation Factor (VIF) for Each Include L2
IM | Main Effect ofEpran?té)zWarlable in the Model Included in Interaction Effects , Adjusted
No. 2.3,4) ; AIC R >
@ L TVvPC T WT [ VvT the Model Included in the Model R
L CDCR | VHP (5) (6) @) ) (yeS/nO)
1 1.0 no none -355| 0.176 0.165
2 1.0 yes none -353| 0.180 0.158
LXCDCR, LxVHP, LxFI, LxVPC,
3 1.1 2.0 27| 12| 15 no CDCRXEI -358| 0.383 0.290
LXCDCR, LxVHP, LxFI, LxVVT,
4 1.1 1.8 27| 1.2 1.7 no CDCRxFI. CDCRXVVT. VHPxFI -368 | 0.567 0.486
5 11 1.8 24| 1.2 15 no LXCDCR, LxVHP, CDCRxFI, VHPXFI -361| 0.388 0.306
6 1.7 2.3 15 no LXCDCR, LxVHP, LxVPC -363| 0.334 0.277
7 15 15 no LxCDCR, LxVHP -365| 0.359 0.324
All 21 pairwise interactions among L,
8 11 2.0 3.0 13| 19 53| 4.2 no CDCR. VHP, FIVPC, WT and VT -345| 0.611 0.385
9 1.0 no LxVHP -364 | 0.276 0.257
CDCRxVHP, CDCRxFI, CDCRxVPC,
10 | 11 1.8 1.7 5.0| 3.8 no VHPxVPC, VHPxXVVT, FIxVPC, -366 | 0.560 0.477
VPCxVT

Notes: 1. The model in bold is selected as the lobstice.

2. L: engine load, which is log (RPMxMAP); RPkevolutions per minute; MARmanifold absolute pressure; CDCdrderived term based on cylinder
displacement (CD) and compression ratio (CR), whick+s ; VHP: volume rated horsepower;:Rype of fuel injection; VPCvalves per

cylinder; VVT: variable valve timing; VTvalvetrain 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 basednamidle Vehicle Specific Power (VSP) modes of 77 vehicles; for IMs, sample size = 77 based on the idle VSP
mode of 77 vehicles.

5. Fl is a categorical variahl&l = 0 isPort Fuel InjectionFl = 1 isGas Direct Injection

6. Valves per cylinder (VPC) ia discrete variable including VPC = 2 and VPC = 4.

7. Variable valve timing (VVT) is a categorical variabl&/T = 0 is no VVT, VVT = 1is VVT.

8. Valvetrain type (VT) is a categorical variablél = 0 isOverHead ValvesVT = 1 isSingle OverHead Camshaftd/T = 2 isDual OverHead
Camshafts.
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For idle[Table3.1(b)], IM-4 is selected as the best model since it hawest AIC
The VIFs for theMEV main effecs areless than 2.8, indicating low collinearityM-4 has the
largest adjusted Fand second largestRmong the ten IMsAlthough IM-8 has the largest?R
it is not selected as the best model becawse & the model coefficients argatisticaly
significant, VIFis high for VHP, VVT and VT, and AlGs the highest amonthetenIMs.

There is no bias in NMs and IM4. For both models, the slopes of LL®Rtween
empirical and modeled VE afle00 and the imtrceptsare less than 18. For both models, the
residuals are approximately normally distributed emigpendent othe MEVs, with absolute
Pearson correlation coefficients less thad.10

Therefore, for nonidle, the finalIMLR model, NM5, is:
6% PUB WGTX G P Xppng T®YESH2 MBITNTEY O

™e®&) TW(RL4 TWoYPy #$I#2 mEtntu,p, 64

™YY S#2&) v
where,
VEv,m = volumetric efficiencyfor vehiclev atnorridle VSP moden;
Lv,m = engine load for vehicle atnonidle VSP moden. Engine load is
quantified as lo@Prxm;
CDCR, = CDCR for vehiclev. CDCR/is — —m ;
CDv = cylinder displacement (L) for vehicie
CRy = compression ratio for vehicie
VHPy = engine volume rated horsepower (hp/L) for vehigle
Flv = type of fuel injection for vehicle. FI=0 for PFI, FI=1 foiGDI;
VTv = engine valvetrain type for vehicle VT=0 for OHV, VT=1 forSOHC,
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and VT=2 for DOHC;
m = norridle VSP modem=1-2, 414.
The final nonidle VE model accounts for intneehicle variability (L), intetvehicle
variability (CDCR, VHP, FIl, and VT), and interactions between irdgral intervehicle
variability. The R of the final nm-idle model is 0.87Table3.1(a)], which is higher than that
observed for a simple model (NR) by an absolute increment of only 0.10. Thus, the variation
in VE is dominated by intravehicle variation in engine load.

For idle, he finaIMLR model, IM-4, is:

6 % P®YPa8t @ X | Xopt#$#2 MTE (0 v UL &)
eBXB64 pETT, #I#2 ppyr 6(O0

PR oty &) pBLp 664 TCESH2&)

™®CESH#2664 18 p6(0&) (0}
where,
VEv , mo = volumetric efficiency for vehicle atidle VSP moden §
Lv, mo = engine load for vehicle atidle VSP modem 6 Engine load igjuantified
as logPrxm;
VVTy = variable valve timing for vehicle. VVT=0 indicates the absence\W¥T,
VVT=1 indicates the presence of VVT,;
m' = idle VSP mod€Mode 3)

The final idle VE model accounts for intv@hicle variability (L), intetvehicle variability
(CDCR, VHP, FI, and/VT), and interactions between intra and intehicle variability. The R

of the final idle model is 0.57TRble3.1(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-vaeicle variability
helps to explain more variation in VE thanly accounting for intraehicle variability.

The trends in modeled VE with respect to MEVs are evaluated based on sensitivity
analyses that are detailedSectionsB.3.1 andB.3.2in Appendix B For intravariability, as
engine load increases for nale, modeled VE decreases and then increases; as load increases
during idle, modeled VE decreases. These trends are consistent with Hé2ab8d For
inter-vehicle variability modeled VE is generally larger for larger CR, larger VHP, PFI
versus GDIDOHC versus SOHC, SOHC versus OHV, and presence versus absence of VVT.
These trends are all consistent with the expected trends observed in prior(Buittiebdek,
2003; Hong et al., 2004; Turner et al., 2004; Chen et al., 2011; Heywood, Fai8he
interactions between intrand intervehicle variability, the trends@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 contbelled to
open for a larger percentage of time pgele toincrease air intake and exhaust flow than for
engines without VVTHeywood, 2018) Therefore, the trends in VE predicted by the final
models with respect to MEVs are comparable to independent studies.

Each of the final noidle and idle models was vdated using fivdold crossvalidation.
Data were randomly and equally split into five portions. For each-eedskation case, four
portions were used to calibrate the model, and the remaining portion was used to validate the
model. For each crosalidation 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 nondle, the parity slopes vary from 0.98 to 1.00 with an average of 0.99 among the
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five crossvalidation 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.

Estimatel VE is typically accurate within £10% of empirical VE for the constant VE
approach and within +5%f empirical VE for the modeled VE approach. These accuracies are
comparable to errors in measured pollutricentrations between compliant and-eompliant
PEMS (i.e., £10% of errorg)/u et al., 2020) Thus,the VE estimton approaches are
applicable to noitompliant PEMS t@nable accurate quantificationw#hicle tailpipeemission
rates
3.4.3Comparison of modal rates amongolumetric efficiency approaches

Trends in VSP maa emission rates for COCO, HC, and N@are comparedmongVE
estimation approach&s Figure3.4. For each pollutardnd VE estimation approactine
average modal rates are lowest at Mode 3 and highesidd M4 The average VSP modal rates
increase monotonically with positive VSIh particular, th&€O Mode 14emission rates are
much higher compared to other mod@#is is due tshort episodes of open loepgine
operation at high power demand to pobtine catalytic converter from overheatifgiksson
and Nielsen, 2014)

The relative trend iWSP modal rates for each pollutaistconsistent among VE
estimation approached he rank ordering from lowest to highest modal rates for a given

pollutantis the same among V&pproaches
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Figure3.4. 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};G) CO; (c) HC; and (d) NOError bars are 95% confidence intervals
based on the mean of 77 vehicles in each VSP mode.
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The error bars ifrigure3.4 represent 95% confidence intervals on mean modal rates
They are influenced by interehicle variability in the sampleAlthough the 95% confidence
intervals have substantial overlap among VE approachesdiven pollutant and VSP mode,
there is high inteapproach correlation ithe emission ratesFor example, the correlation in
inter-vehicle variability for Mode 13 HC emission rates betwgwconstant and empirical VE
approaches is 0.99Thus, visial comparison of overlapping confidence intervals does not
demonstrate lack of significant differences.

Paired statistical comparisoasVSP modal rates betwedme VE estimation approaches
are shown imable3.2. The constant approach leads to underestimation gb¥VE% 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. Censely, VE is overestimated by as much as 7%
among Modes 3 to 8Given that there are 14 modes and four pollutants, there are 56
comparisons for the constant versus empirical VE appesadiinere are significant differences
for only nineof these Thesesignificant differences are modest and are influenced by high inter
vehicle correlationsFor example, the correlation in inteehicle variability for Mode 14 CO
emission rates is 0.99%or other modes and pollutants for whicffefiences are not statically
significant, the differences are withit®% for 33 comparisons and are withtt 0% for 49
comparisons Therefore, the constant VE estimation approach typically provides modal rate
estimates within £10%xcept for Mode 14Theaverage differencef all 56 comparisons is

2.2%
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Table3.2. Comparisons of percentage difference in Vehicle Specific Power (VSP) modal
emission rates for constant volumetric efficiency (VE) versus empirical VE approachies an
modeled VE versus empirical VE approaches based on the average of the rates for 77 vehicles.

VSP Mode Comparisons Percentage Difference, %-¢alue)® %3
Definition: to Empirical
Mode VSP (kWiton) | VE Apgroach CO 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 O VS 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 O S 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 0 Vs 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 O VS 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)

5 2 5 VSH 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)

. 10 O V9 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 O V9 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 O V9 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 & v9 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)

R Constant | -5.0 (0.07)| -4.6 (0.17)| -5.2(0.16)| -4.1(0.19)

11 1230 VSP Modeled 1.1(0.17)] 1.7 (0.08)|] 1.8(0.16)] 1.8(0.13)
12 |28 O v9 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)

13 133 O V9 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 0O Constant -16.5 -15.2 -17.9| -21.3 (0.00)
Modeled -1.7 (0.27)] 1.6 (0.52)| -3.5(0.13)| -8.2(0.47)

Notes: 1. Statistically significantfv a | ue s ( Obold and Balicbaaed en pairadtest and
suggestively significant-galues (> 0.05 and 0.10) are initalics based on pairedtest.
2. Highlightedareasndicatepercentagélifference 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 V&P Mod
14.
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For paired comparisons of modeled to empirical VE approaches, none of the 56
differencesn modal rates are statistically significarithe differences for the 56 comparisons
range from-8.2% to 5.9% with an average of 0%4. Thedifferences are wiih +5%for 54 of
the 56comparisons Compared to the constant versus empirical approaches, the percentage
differences between modeled versus empirical approaches are improved fainé&Boof
comparisons Therefore, the modeled VE approach generaltiuces the errors in esating
VSP modal emission rates.
3.4.4Comparison of cycleaverage rates amongolumetric efficiency approaches

CAERsfor the three/E estimation approachese compareth Table3.3. For the
constant versus empirical VE approaches, only 3 of the 56 comparisons @l@sgnd
pollutants have differences that are statistically significant, but these differences do not exceed
6%. These small differazes are significant because of high intehicle correlation in CAERs
between approache&or example, the correlation of the RTS95:@AERs between both
approaches is 0.98hesesignificantdifferences for cyclethathave higher fractions of time
spent in high VSP modes than othargconsistent with the modest underestimatiomotial
rates for high VSP modes by the constant VE approach

For paired comparisons of constant to empirical VE approaches, differences in CAERsS
do not exceed an absoldaor of 5% for 52 of the 56 comparisons, and are within2% 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 imable3.2. This is because CAERs involve aaging over multiple VSP modes for
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Table3.3. Comparisons of percentage difference in cycle emission rates for constant volumetric
efficiency (VE) versus empirical VE approaches and for modeled VE venspisical VE
approaches based on the average of the rates for 77 vehicles. The driving cycles include five
realworld cycles (i.e., Routes A, C, 3, 1, and 1*) and nine standard cycles (i.e.-ELNEDC,

FTP, SC03, LA92, WLTC, RTS95, US06, and HFET).

Driving Comparisons to Empirical Percentage Difference, %-y@alue)?

Cycle! VE Approach CO, Cco HC NOy
R 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)] 05(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)
. 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)
cLTep 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)
TP 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)
<co3 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)
L Ag2 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)
RTSO5 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)
USO6 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)
HEET 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 Lightduty vehicle Test CyclePassenger car; NEDGlew Europeamriving

Cycle; FTP Federal Test Procedure; LA920s Angeles 92; WLTCWorldwide harmonized
Light vehicles Test Cycle; RTS98tandardizedRandomTest 95 aggressive; HFERighway
Fuel Economy Test.

2. Statistically significant v a | u @.85) afe@bold and italicbased on pairedtest, and
suggestively significant-palues (> 0.05 and 0.10) are initalics based on pairedtest.

3. Highlighted areas indicagercentagelifferences are improved for modeled versus empirical
VE approaches compared to constant versus empirical VE approaches.
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transient cycles typical of realorld vehicle operation. Thus, what appear to be relatiaetye
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 significakmong all 56 comparisons, errors in CAERs
range from2.1% 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 numieal 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, gittesn ¢hatrs
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, lhe rank ordering from lowest to high€AERsfor a given pollutanis the same
among VE approaches
3.4.5Sensitivity of comparisons to vehicle groups

Because modeled VE depends in part oninédicle characteristics, errors in emission
rates among the VE estimation approaches were compared for selecfesiajreehicles with
differing characteristics. VT is the most sensitive source of-irghicle variations in modeled
VE based on a sensitivity analysis in the @Ngure B3). In total, fivevehicle groupsvere
formed including Tier 1 OHV, Tier 2 SOHC, Tier 2 DOHC, Tier 3 DOHd All Vehicles.

The vehicle sample size for each grasif, 19, 33, 6and 77respectively Other combinations
of emission standards aM@ are not taken into account because their vehicle sample size are

less than five.
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The comparison of VSP modal rates amtrmgVE approacheand vehicle groups is
shown inFigure3.5(a). For each inteapproach comparison and each vehicle group, there are
56 comparisons, including 14 modes and four pollutantsreTdme 280 comparisons over the
five vehicle groups. Farach 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 Fidesd3.5(a)],

277 of the 280 differences are within £10%. The mean error for each vehiclagwatipn
+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 fordselecte
vehicle groups is shown Figure3.5(b). For each inteapproach comparison and each vehicle
group, there are 56 comparisons, including 14 cycles and four pailut@hére 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 cisoparfor 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 CAltfosg
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 gles accurate estimates of CAERSs for each vehicle

group.
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Figure3.5. Boxplots of percentag#ifferences 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)-ayelege emission rates.
Sample &e in each boxplot is 56 based on 14 modes or 14 cycles and 4 polluta@isiVT 1

Tier 1 OverHead Valves; TSOHC: Tier 2 Single Ovedead Camshafts; TROHC: Tier 2

Dual OverHead Camshafts; TBOHC: Tier 3 Dual OveHead Camshafts. The vehicle sample
sizeis 77, 6, 19, 33, and 6 for All, TAHV, T2-SOHC, T2DOHC, and T3DOHC vehicle

groups, respectively.
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3.5Conclusions

VE was quantifiecaccounting for intraand intervehicle variability The accuracy of
SDM-based emission rates estimates evaluatebased on realorld PEMS measurements
for 77 vehicles.VE is sensitive to intraehicle variability in engine load and inteehicle
variability in engine characteristissich as CDCR, VHP, Fl, VVT, and VIVE is more
sensitive to engine lodtlanengine baracteristicsvhen the engine is under lqduit 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 stues. The final VE models are accurate based on-sagtation.

Both constant and modeled VE approaches provide accurate estimates for microscale
VSP modal rates for each vehicle group. For most of the VSP modesjremudal rate
estimates are withiz10%for the constant approacind within£5% for the modeled approach.
Although errors in VSRIode 14rates tend to be larder the constant approacklode 14
typically accouns for a small fraction of travel time for many driving cycléSompared tthe
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 etgsd 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, em@AERS estimates are within
+5% for the constah approactand within+2% for the modeled approach. For some high power
demand cycles, errors in CAERSs 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 CAERSs estirieate®st of the cyclegarticularly for
high power demand cyclesiowever, both approachesable accurate, to within £10%,
estimation ofCAERs for multiple driving cycles that covemede range of cycle average speeds
and varying distributions of power demand. Therefore, both the constant and modeled VE
approaches enable accurate microscale and mesoscale emissiorinadtssefor each vehicle
group. The constant VE approach hdseady been established to quantify MAF and, thus,
exhaust flow rates, in conjunction with simplified or mi€tBMS measurements. In the future,
the modeled VE approach can also be incorporated to work with simplified orR#MS to
guantify 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 mREMS to infer modal
and cycle average emission rates. The estimation of emissesrceat be accurately
accomplished based on a simplified approach to inferring MAF using constant or modeled VE
estimation approaches. Both approaches are sufficient feregotatory purposes, including
comparing technologies, comparing driving cyclesjedoping representative emission factors,
and developing emission inventories. Thus, simplified and rR&MIS 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 Recaz@20, 2674(7), 566 584.
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) feraad vehicles.These models bin secoigy-
second FUERSs based on factors such as VSP, speed, and others. The validity of binning
approaches depends on their precision and accuracy in predicting variability tavycge
emission rates (CAERS). The objective is tamjify 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, inading 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
inbourd cycles. The goodnesé-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 coeffcéietermination
(R?) 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 plofer each vehiclgroup 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 dweary emission factor
models calibrated to cyclaverage rates and toward a new generation of models that can
quantify emissions for any usspecified or realorld driving cycle(1). Since that time, modal
models have been developed based on the distribution of power demand as the basis for
guantifying the fuel use and emission rates (FUERS) abad vehicles for any driving cyc(@,

3). Examples of such models include a Vehicle Specific Power)(Xf®Eal model and the
MOtor Vehicle Emission Simulator (MOVES) Operating Mode (OpMode) m(]&).

VSP is an indicator of vehicle engine tractive power denf@ndVSP has been used to
quantify variability in FUERs, and has been used ad#sis for modal models in which second
by-second (1 Hz) FUERSs are binned into ranges of {&5B). The modal models have been
used to estimate emission rates for a given driving pc®).

A 14-mode VSP modal model was developed by Frey €2al.The 14 VSP modes are
defined based on specified ranges of (&P The 14mode 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 eyateage rate predicted by the calibrated model
versus the mean cyelverage rate of the independently measured vehmie=sath cycle. The
estimated total emissions were generally not significantly different from the independent data.
Duarte et al. calibrated the -tdode VSP modal model based on +&alld emission

measurements for 16 light duty vehicles (LDY®) However, they did not validate the dwsb.
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Varella et al. calibrated the 4Mode VSP modal model based on Portable Emission
Measurement Systems (PEMS) data for 5 vehi@lesThe cycleaverage emission rates

(CAERS) for carbon dixide (CQ) 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 (ER\) (10). There are 23 OpModes defined based on braking, idling, three speed
ranges, and ranges of VSP within each speei@)g MOVES estimates fleet average FUERS
for vehicle groups such as passenger car and passengdiluckiOVES also accounts for
factors affecting variability in FUERS, such as ambient temperature, air conditioning (AC) usage,
deterioration, and inspection and mairstece prograni10).

Liu and Barth compared trends in MOVES OpMode model predictions to emission
measurements for three cycles measured fervehicle on a chassis dynamoméid). The
MOVES predictions were accurate for low and medium power cycles. However, because
MOVES is basedn fleet average emission rates, it cannot be validated based on comparisons to
only one vehicle. Liu and Frey evaluated MOVES predicted CAERs based -avor&hPEMS
measurements for 100 light duty gasoline vehicles (LDGVs) and almost 600 driving(&ycles
They found that the trends in MOVES predictions witlpees 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 studi#g 13). Fuel use and hydrocarbons (HC) emissions
predicted by MOVES were not found to be biased. Nitrogen oxideg) @idssions rates

showed mixed and inconsistent results depending on the measurement method.
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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 measurementsdriotr usedel
calibration. The objective is to quantify the precision and accuracy of0dS&d binning
methods with regard to quantification of CAERS.

4.3 Methods

Methods include: (1) realiorld 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
unigue 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 evaluateihg
methodology requires use of comparable samples of vehicles and operating conditions for both
model calibration and validation.
4.3.1Realworld emissionmeasurements

Between 2008 and 2018, North Carolina State University (NCSU) used PEMS to
measure 214 LDGVs on reaforld test route¢14). Vehicle FUERs are affected by vehicle size,
fuel and powertrain, and emission standdids 16). The EPA emission standards represented
by the vehicle sample include Tier 1, Tier 2, and Ti€t&. 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 passen§&sjars (

133



passenger trucks (PTs). PCs include coupes, hatchbacks, sedans, and wagons, and PTs include
minivans, pickup trucks, and Sport Utility Vehiclds). The sample of hybrid electric vehicles
(HEVs) are mostly Tier 2 and are grouped separately because HEVs typically have much lower
emission rates than ndrybrid vehicleq5), 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 HEVSs, Tier 1 PC (T1PC), Tier 1 PT (T1PT), Tier 2(#2PC), 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 gifor 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.

Realworld vehicle emission measurements were conducted in the ResearcheTriang
Park, NC are§l4). Each vehicle was measured on four retmuiroutes, 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 fraim 2B mph, and road grades
ranging from-10 to +10 percer(tl4). AC usage was inferred based on ambient temperature on
the measurement day. Overall, 63 vehicles operated on days for which ambient temperature was
80% or higher and for which AC was typicalbperated.

Realworld tailpipe exhaust emission measurements were conducted for each LDGV
using a PEMS, othoard diagnostic (OBD) data link scan tool, and global positioning system
(GPS) receivers with barometric altime(gy. The OEM2100 Montana or OEA2100AX

Axion PEMS was use(l8, 19). Each PEMS uses a nondispersive infrared (NDIR) sensor to
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measure C& carbon monoxide (G), 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 polluta(2§). The coefficents of determination @Rwere all

above 0.80. The PEMS has good accuracy far, CO, and NO, with the slopes of parity plots
ranging from 0.92 to 1.0&0). Tailpipe NQ emissions are typically 95% NO for LDGYthus,

NO is used as a surrogate for total Ngnissiong21). NDIR responds to variation in exhaust

HC concentrations for straiglhain alkaes, but only partially responds to the concentrations of
other HC specie@2). Thus, the HC emission measurements were used for relative comparisons
on a consistent basis.

FUERSs vary with vehicle and engine ady23). 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 temperatind mass air flow, from the vehicle
electronic control unit for each measurement.

FUERs vary with road grad@4). Ten GPS receivers with barometric altimeters were
used for each measurement to record-tiesd GPS positions and elevation. Road grade was
estimated for adjacent Orhiile segments of each omey trip based on regression analysis of
altitude versus distance within the road segn(i2bjt

For each measured vehicle, the measured 1 Hz data feoREfMS, OBD scan tool, and
GPS receivers were tiraigned and quality assured (QA) following established methods.
Time-alignment between PEMS and OBD data was based on concurrent peaks in CQcand NO
concentrations measured by PEMS and in engine RPMelateted 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 ar{@@yreyrroneous
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data were corrected or eliminated. The most typical errors wet@ faiel 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 outbowwvbgrteps and 838
inbound oneway trips, each of which have at #&0% complete data in terms of valid 1 Hz
vehicle activity and emission rates. Thus, in total, there were 1,677 validaynkips.

The 1 Hz FUERSs for C& CO, HC, and N©for each LDGV were estimated based on
the measured exhaust pollutant concerttratestimated exhaust flow rate based on OBD data
and the observed aio-fuel ratio, and fuel composition. Details of the method for quantifying 1
Hz FUERs estimates are given elsewheg.

Variability in FUERs can be explained, at least in part, by VSP. VSP was quantified in
terms of 1 Hzpeed, 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 LD@Y: as

630 OpPpA wp— ™ oc W ONC (1)
Where,
A = vehicle acceleration at tintgm/s);
o) = road grade at time(%);
O = vehicle speed at timg(m/s);
630 = Vehicle Specific Power at timtgkW/ton) estimated by the i#hode VSP modal
model;
o) = 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 parameterizatievdloped by EPA3):
630 -0 -0 -0 A wpp— O 2)
Where,
! = tire rolling resistance coefficient (k\&/m). For passenger cagsz= 0.156
kW-s/m; for passenger trucks,= 0.221 kWs/m;
= higher order rolling resistance coefficient (k#m?). For passenger cacs,=
0.0020 kWs?/m?; for passenger trucké, = 0.0028 kWs*/nv;
# = aerodynamic drag coefficient (k&/m?). Forpassenger car§,= 0.0005
kW-s¥m?; for passenger trucké,= 0.0007 kWs¥m?;
- = vehicle mass (metric ton). For passenger ¢ars,1.48 metric tons; for
passenger trucks, = 1.87 metric tons;
630 = Vehicle Specific Power at timtigkW/ton) estimated by the MOVES OpMode
model,
/ = the MOVES OpMode model.
4.3.2Model 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 outboundayérips and were validated
based on inbound ongay 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 unideriyre data used for

calibration.
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The 1 Hz FUERs were binned based on the mode definitiorshie4.1. 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 tarielude increasing positive VSP values
representing cruise or accelerating. The trend in VSP modal FUERs typically monotonically
increase with increasing positive VSP from mode 3 t¢2).4 This trend has been consigtgn
found in prior studie$si 7).

For the OpMode model, OpMode 0 represents bra@ngOpMode 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 kees 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 FUERSs is typically observed to monotonically increase with positive VSP in
each speethnge (11, 27, 28).

To calibrate each model for individual vehicles, the med&rage FUERs in each VSP
mode and OpMode were calculated based on the arithmetic mean-Qf4adstiz daa for the
outbound onavay 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 thielesh

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 CAERSs for each pollutant and LDGV were the sum of 1 Hzstomisates for each
cycle divided by the cycle distance. The modal model predicted CAERSs for each pollutant and
LDGV were the sum of the product of mogalerage emission rates and the modal time for each

cycle divided by the cycle distance.
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Table4.1. Definition of modes for (a) Vehicle Specific Power (VSP) modes and (b) MOVES
Operating Modes (OpModes) [Sources: Referefi2e3).

(a) VSP Modes

VSP VSP Mode VSP VSP VSP Mode VSP
Mode | Description (kW/ton) Mode | Description (kW/ton)
1 Deceleration/| VSR <-2 8 13 O<\IB
2 Braking -2 0 (¥ 9 16 O(<\IB
3 Idle 0 O .(¥1SE 10 . 19 0O(<23
4 1 0.¥sf 11 Cruise/ 1757375, <vs
) - Acceleration -
5 Cruise/ 4 O (¥YBEF 12 28 0:<dB8
6 Acceleration | 7 O (¥1®F 13 33 0:<¥38
7 10 O<\IB| 14 39 O V

(b) MOVES OpModes

Operating | Operating Mode VSP Vehicle Speed | Vehicle Acceleration
Mode Description (kWi/ton) (mph) (mph/s)
0 Deceleration/ a0-2.00or &<-1.0 and
Braking a-1<-1.0 anda.2 <-1.0)
1 Idle -10vi<1
11 Coast VSR <0
12 0 O (¥3BH
13 . 3 0O (Y&SH N
14 Acger:reifaet/ion 6 O ¥SBH P
15 9 0 .(¥I2PA
16 12 O V
21 Coast VSR <0
22 0 O (¥SH
23 3 O ¥6H
24 6 O (¥SBH
25 Cruise/ 9 O .(¥12P 25 w50
27 Acceleration 12 O<\IS
28 18 0O(<eH
29 24  0:<86
30 30 O V
33 VSR <6
35 6 O ¥I2P
37 Cruise/ 12 Qt<VEB 50 v
38 Acceleration 18 0.<¢8 ‘
39 24  0:<86
40 30 O V
Notes: a: instantaneous vehicle acceleration (mph/s) at time t;
Vi instantaneous vehicle speed (mph) at time t;

VSR: instantaneous VSP (kWf/ton) at time t.
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The goodnessf-fit for both calibration and validation data was quantified using linear
least squares regressi(#9) for modal model predicted versus empirical CAERSs for each
pollutant and each individual vehicle within each vehicle group and for all vehicles. The
intercept was forced to be zero because CAERs ara@egative and bounded at the low end by
zero for both model predicted and empirical rg8&83. The precision of the model is related to
the R. The accuracy of the model is indicated by how close the slope is to an ideal value of 1.
The staistical significance of the slope was quantified. For a given pollutant and vehicle group,
if the slope is not significantly different from 1, model predicted CAERSs are not significantly
different from empirical rates.

For some vehicles and pollutartse measured trend in moemlerage 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 offor 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 modettpdedersus
measured CAER for each individual vehiglellutant 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 €fission rates, the slopes estimated for each
individual vehicle varied within 0.7 and 1.3. €@odal emission rates are monotonic with
respect to positive VSP and the medaerage C@®concentrations are well above the gas
analyzer detection limit. For eaothe 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 modalaverage concentrations were below the gas analyzer detection limit. The proportion

of vehicles satisfying this criterion was 100 percent, 91 p&r8é percent, and 93 percent for

CO,, CO, HC, and N 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 \a@s identified as exceptional for one pollutant versus another
within a vehicle group.

The goodnessf-fit of the calibrated models based on calibration data was assessed with
and without exceptional vehicles. The effect of excluding exceptional gsliol mean
emission rates for a vehicle group was quantified to assess potential bias.
4.3.3Model validation

Each of the VSP modal and OpMode models was validated based on 838 inbcund one
way trips. For each model, the model predicted CAERs for each vehicésaah 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 regresamtel 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 tiyased CAER$or 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 ratés interstates and major arterials, respectively. The meabaspd

141



CAERs were compared for model predictions versus empirical data based on measured vehicles
and validation inbound cycles.
4.3.4Model comparison

To evaluate the similarities between the mlsdthe predicted CAERs for both models,
based on validation cycles, were compared to each other. The comparison was based on 214
LDGVs and 838 inbound ongay trips. The Rand slope of a linear least squares regression
model without intercept were uséo quantify the similarity of predicted CAERs for each
pollutant. The mean macroscopic thpsed CAERs for each pollutant were also compared
between models.
4.4 Results

Results include: (1) overview of the measured vehicles and cycles; (2) model caljbratio
(3) model validation; and (4) intenodel comparison.
4.4.10verview of the measuredvehicles andcycles

The measured vehicles represent a range of vehicle charactef#giese4.1 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 vehiclearoovers a wide range of each of these
characteristics. Almost twithirds of the sample are Tier 2 vehicles. Approximately 14 percent
of the sample was certified to a California standard.

Figure4.2 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 &¥ph for both outbound and inbound trips. For high VSP,

represented by VSP modes 14, an average of 8.7 percent and 8.5 percent of time was spent
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Figure4.1. Distributions of vehicle characteristics for 214 light dgé&goline vehicles (LDGVSs):
(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 Vehie; ULEV: Ultra Low Emission Vehicle.
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for outbound and inbound trips, respectively. High VSP ranges also occur in OpMetigs 15
25-30, and 3540. The collective portion of time spent in theses OpMod&3.% percat and
32.6 percent for outbound and inbound trips, respectively. Thus, on average, outbound and
inbound trips have similar vehicle activity.
4.4.2Model calibration

Figure4.3 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 shovater, there are some exceptions to this trend for
individual vehicles. For each pollutant, the meaatrage rates are lowest for mode 3 and
highest for mode 14. For example, the average modak@@sion rates increase from 1.2 g/s
in mode 3to 11.9/s in mode 14. The ratio of the highest to lowest average modab@s is
9.4. This ratio is 125, 9.8, and 35 for CO, HC, and,N€spectively. Thus, compared to £0
and HC, the variability in modal emission rates for CO and id@rger with repect 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 highlestdst average modal rates is
11, 127, 13, and 75 for GOCO, HC, and NQ respectively.These ratios are slightly higher

than those estimated based on VSP modes.
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Figure4.3. Average modal emission rates of 214 light duty gasoline vel{ldsVs) for the

Vehicle Specific Power (VSP) modes and MOVES Operating Mode (OpModes) for §a) CO

VSP modal rates; (b) CApMode modal rategc) CO VSP modal rates; (d) CO OpMode

modal rates(e) HC VSP modal rates; (f) HC OpMode modal ratgsNOx VSP modal rates;

and (h) NQ 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 goodnessfit of the calibrated models, CAERs are compared between
predicted versus empirical rates for eaehigle within each vehicle group and for all vehicles.
Figure4.4 shows an example of the comparison of CAERs foz, @®, HC, and N©based on
all vehicles. The modsglare precise especially for €&nd NQ given that Ris 0.95 and
higher. The models are highly accurate, except for HC, given that the slopesf@@énd
NOx are not significantly different from 1.

Results of model calibration for all vehicle grogms pollutants, and for both models,
are given inTable4.2. For CQ, the calibrated model is precise, based &0fR.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 tifeaRd slope. The CO
precision is high only for TLPC vehicles, and otherwise is typically moderate withttie
range of 0.61 to 0.78 with only a few cases that h&waf B.80 or greater. Althoulmgin most
cases the slopes are not significantly different from 1, numibgritedy are highly variable and
often biased low by as much as 20 to 35 percent. Some vehicles have very lovaveoaige
CO concentrations that are below the gas analyzer aetdicnit, particularly for low power
demand modes, while some vehicles have very nonlinear trends in-avedagje CO emission
rates especially at high power demand related to short intervals of open loop engine operation to
protect the catalytic converttom overheating31). The precision and accuracy for kC
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 goodrafsfit is geneally good for NQ, with R? as
high as 0.97 in two cases and with half of tRev&lues 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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Figure4.4. Comparison of model predicted cyeeerage emission rates for carbon dioxide
(COy), carbon monoxide (CO), hydrocarbons (HC), and nitrogen oxides) ti@mpirical rates
for individual vehicles and calibration data for outbound-aag driving cycles: (a) C©O
Vehicle Specific Power (VSP) model versus empirical rate; (k) @&&ratng 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) NOVSP model versus empirical rate; gl NOx OpMode model versus
empirical rate. 95% confidence interval (Cl) of the slope is reported for each plot.

Continued on next page.

148



400 1\ = 839 outbound cycles

E n =214 vehicles

£ 300 -

=2 °

£ °

2 o

S 200 A

2 °0

= o8 y =1.13x
J @& =1

o 100 7ecg . °  Re=0.71

> ° 95% Cl of slope:

o W (1.10, 1.16)

0 100 200 300 400

Empirical Rate (mg/mile)

(e) HC VSP Model vs Empirical Rate

10:900'9 N = 839 outbound cycles
5 n = 214 vehicles J
€ 1,000 - . 6
(®)] O o
£
2 0
e 100 - e J
© ofp, 0
é 0 y = 1.00x
= 40 o8 » R2=0.95
) [}
> & %o ° 95% Cl of slope:
(0.99,1.02)
1 T T T 1
1 10 100 1,000 10,000

Empirical Rate (mg/mile)
(g) NO« VSP Model vs EmpiricaRate
Figure4.4. Continued.

400 - N = 839 outbound cycles
. n =214 vehicles
2
E
© 300 -
g/ o e o o °
2 o &
S o
% 200 - ° %
o
3 o ® %%
% [) OO o
0 o0
T 100 - A y =1.13x
= o o Rz=073
& A 95% Cl of slope:
i (1.10,1.15)
0 ¥ . . . .
0 100 200 300 400

Empirical Rate (mg/mile)

(f) HC OpMode Model vs Empirical Rate
10,000 -

. N = 839 outbound cycles
) n =214 vehicles S
£
S i ®
2 1,000 i
I
@ SR> °
5 100 - © o oo o
3 o3
= o o y=1.01x
T 10 A R2=0.97
= ® 95% Cl of slope:
o © (1.00,1.02)
1 T T T 1
1 10 100 1,000 10,000

Empirical Rate (mg/mile)

(h) NO« OpMode Model vs Empirical Rate

149



Table4.2. Assessment of goodnesEfit 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.

Vehicle Group
Pollutants Statistics T1PC T1PT T2PC T2PT T3PC T3PT
VSP OpMode VSP OpMode VSP OpMode VSP OpMode VSP OpMode VSP OpMode
Model Model Model Model Model Model Model Model Model Model Model Model
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
CO, Slope 1.005 1.008 1.012 1.004 1.001 1.005 1.002 1.000 1.000 1.004 1.010 1.008
(£¥£*95% ClI) (x0.016) (x0.014) (x0.041) (x0.022) (x0.007) (x0.006) (£0.009) (£0.006) (£0.015) (+0.013) (£0.018) (+0.016)
R? 0.91 0.93 0.81 0.93 0.90 0.93 0.90 0.93 0.91 0.93 0.91 0.92
No. of cycles 52 52 19 19 297 297 218 218 56 56 39 39
No. of vehicles 13 13 5 5 77 7 55 55 14 14 10 10
Co Slope 0.963 0.970 0.790 0.875 0.965 0.970 1.027 1.038 0.704 0.699 0.873 0.901
(£¥2*95% ClI) (£0.048) (£0.045) (x0.237) (£0.140) (£0.046) (£0.043) (£0.058) (£0.048) (£0.081) (+0.083) (£0.139) (£0.118)
R? 0.93 0.94 0.69 0.81 0.81 0.83 0.70 0.78 0.75 0.74 0.62 0.73
No. of cycles 52 52 19 19 297 297 218 218 56 56 39 39
No. of vehicles 13 13 5 5 77 7 55 55 14 14 10 10
HC Slope 0.915 0.924 1.010 1.021 1.187 1.172 1.228 1.231 0.938 0.946 0.713 0.722
(£¥2*95% ClI) (+0.075) (£0.069) (+0.231) (£0.204) (+0.060) (£0.057) (£0.053) (£0.053) (#0.111) (+0.107) (£0.131) (£0.123)
R? 0.78 0.83 0.55 0.57 0.60 0.63 0.71 0.71 0.58 0.60 0.59 0.63
No. of cycles 52 52 19 19 297 297 218 218 56 56 39 39
No. of vehicles 13 13 5 5 77 7 55 55 14 14 10 10
NO Slope 0.953 0.955 0.916 0.940 1.001 1.020 0.985 0.966 0.903 0.922 0.880 0.879
(£¥2*95% ClI) (+0.050) (£0.045) (+0.188) (£0.119) (+0.023) (+0.022) (£0.044) (+0.036) (+0.083) (x0.071) (£0.095) (+0.080)
R? 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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Table4.2. Continued.

Vehicle Group
Pollutants Statistics HEV LEV ULEV Al
VSP | OpMode| VSP | OpMode| VSP | OpMode| VSP | OpMode
Model Model Model Model Model Model Model Model
No. of cycles 40 40 62 62 28 28 839 839
No. of vehicles 10 10 16 16 7 7 214 214
Co; Slope 1.005 1.004 1.001 1.004 1.003 1.004 1.003 1.004
(x%2*95% CI) (x0.023)| (x0.016) | (x0.020) | (x0.014)| (x0.023) | (x0.017)| (£0.005)| (+0.004)
R? 0.92 0.96 0.91 0.96 0.86 0.91 0.95 0.97
No. of cycles 40 40 62 62 28 28 839 839
No. of vehicles 10 10 16 16 7 7 214 214
CoO Slope 0.801 0.779 0.861 0.879 0.635 0.749 0.978 0.971
(x%2*95% CI) (£0.147)| (x0.148) | (x0.071) | (+0.063) | (+0.298) | (+0.210)| (+0.029)| (+0.030)
R? 0.62 0.61 0.82 0.86 0.63 0.69 0.76 0.82
No. of cycles 40 40 62 62 28 28 839 839
No. of vehicles 10 10 16 16 7 7 214 214
HC Slope 0.687 0.692 0.962 0.964 0.951 0.955 1.132 1.125
(£%2*95% CI) (x0.112)| (x0.110) | (x0.094) | (x0.083) | (x0.134) | (x0.115)| (£0.029)| (+0.027)
R? 0.66 0.67 0.73 0.79 0.77 0.82 0.71 0.73
No. of cycles 40 40 62 62 28 28 839 839
No. of vehicles 10 10 16 16 7 7 214 214
NOx Slope 0.792 0.837 0.990 0.962 0.766 0.755 1.001 1.008
(£%2*95% CI) (£0.109) | (x0.084) | (x0.097)| (x0.064)| (x0.191)| (£0.195)| (x0.016)| (+0.012)
R? 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 Trieak3 T3PC:
Passenger Car; T3PT: Tier 3 Passenger Truck; HEV: Hyedtric Vehicle; LEV: Low Emission Vehicle; ULEV: Ultra Low
Emission Vehicle.

. +15*950Cl: + half of 95% confidence interval’:Roefficients of determination.

.Bold and italic numbers indicate slopes not significantly different from 1.

. Linear least squares regression without intercept is used to fit fal predicted versus empirical cyed@erage emission rates.

A OWN
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groups,most notably Tier 3, HEVs, and ULEVs, for which the gooditéds is relatively weak
compared to other cases. These three vehicle groups have the lowest average etassion ra
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 goodnexfsfit was conducted for nemero intercepts.

On average, Rand slope differ by onl9.015 and 0.08, respectively, for npero 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, accelevat road grade, and VSP compared to the unexceptional vehicles.
An exceptional vehicle is caused by rmonotonicity of modahverage rates for positive VSP
as a result of modalverage concentrations below detection limit and/or artifacts of smallesampl
size for modesFigure4.5 shows an example of trends in medakrage concentrations, modal
average rates, sample size, and predicted CAERs that are typical of those for exceptional
vehicles. For this example vehictag HC modakverage 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, 294@nd|33 is a
Tier 3 low emitting vehike for which the modahverage HC concentrations were 6 ppm or less,
which is lower than the gas analyzer detection lohit3 ppm, as shown irigure4.5(a) and
(b). The modalaverage HC concentrations have a-nwnotonic trend in positive VSP at VSP
modes 612, and at OpModes 14, 16, 23, 24;28] 3740. The sample size, particularly in the
high VSP modes such as VSP modes420pModes 29, 30, and 48 small,as shown in

Figure4.5(e) and (f). The comparison of modal model predicted versus empirical HC emission
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Figure4.5. An example of an exceptional vehicle (2017 Hyundai SantaFe) identified in both the
Tier 3 passenger truck vehicle group andwlhicle 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 eachNbgmle; (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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(g) HC VSP Model vs Empirical Rates (h) HC OpMode Model vs Empirical Rates
Figure4.5. Continued.

ratesis shown inFigure4.5(g) and (h). Empirical HC emission rates range from 4 mg/mile to 43
mg/mile among the outbound cycles. However, due temonotonicity of modahverage rates

for positive VSP, both model mietions 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 CQ) were identified for nearly all vehicle groups except for TLPC for CO, except for

T1PT for HC, and except for TLPC and LEV for NO'wenty percent or fewer vehicles in a
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group were exceptional. For vehicles with low emission rates sudera3, 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 calibrateddels for which exceptional vehicles were
deleted is indicated imable4.3. There is no change in results for £€ince there were no
exceptional veicles for this pollutant. However, comparedrtable4.2, the removal of
exceptional vehicles for CO, HC, and Ni@ the affected vehicle groups subgtally improves
the goodnessf-fit of the calibrated models, implying that model calibration is very sensitive to
norrmonotonicity of modahverage rates for positive VSP. For example, for CO, the precision
improves for all but one vehicle group and rabidr 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 improvesiiall 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 NQ, the precision improved for most cases, and the accuracy improvedases|

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 exceptioi@déselThe
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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Table4.3. Assessment of goodnegsHit 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 anditdesll ve

Vehicle Group
- T1PC T1PT T2PC T2PT T3PC T3PT
Pollutants Statistics
VSP OpMode VSP OpMode VSP OpMode VSP OpMode VSP OpMode VSP OpMode
Model Model Model Model Model Model Model Model Model Model Model Model
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
CG, Slope 1.005 1.008 1.012 1.004 1.001 1.005 1.002 1.000 1.000 1.004 1.010 1.008
(£¥2*95% ClI) (+0.016) (£0.014) (£0.041) (£0.022) (£0.007) (£0.006) (£0.009) (£0.006) (x0.015) (x0.013) (x0.018) (x0.016)
R? 0.91 0.93 0.81 0.93 0.90 0.93 0.90 0.93 0.91 0.93 0.91 0.92
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
co Slope 0.963 0.970 0.982 0.985 0.967 0.971 1.025 1.034 0.875 0.871 0.967 1.006
(£¥2*95% ClI) (+0.048) (£0.045) (+0.165) (+0.107) (+0.038) (+0.036) (£0.051) (+0.043) (£0.125) (£0.139) (£0.153) (£0.138)
R? 0.93 0.94 0.80 0.91 0.82 0.84 0.71 0.81 0.76 0.75 0.65 0.74
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
HC Slope 0.926 0.932 1.010 1.021 1.043 1.033 1.037 1.016 0.956 0.971 0.907 0.916
(£¥2*95% ClI) (+0.078) (x0.072) (+0.231) (£0.204) (+0.045) (x0.041) (£0.045) (+0.039) (+0.098) (+0.093) (+0.118) (+0.108)
R? 0.82 0.86 0.55 0.57 0.74 0.77 0.85 0.88 0.59 0.63 0.73 0.65
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
NO Slope 0.953 0.955 0.940 0.951 1.000 0.998 0.986 0.967 0.957 0.977 0.967 0.977
(£%2*95% ClI) (+0.050) (£0.045) (+0.098) (+0.068) (+0.023) (+0.019) (£0.040) (+0.035) (£0.087) (£0.074) (£0.071) (x0.071)
R? 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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Table4.3. Continued.

Vehicle Group
Pollutants Statistics HEV == ULEV Al
VSP OpMode VSP OpMode VSP OpMode VSP OpMode
Model Model Model Model Model Model Model Model
No. of cycles 40 40 62 62 28 28 839 839
No. of vehicles 10 10 16 16 7 7 214 214
CO. Slope 1.005 1.004 1.001 1.004 1.003 1.004 1.003 1.004
(£%2*95% CI) (£0.023)| (£0.016) | (x0.020) | (x0.014) | (x0.023) | (x0.017) | (x0.005) | (x0.004)
R? 0.92 0.96 0.91 0.96 0.86 0.91 0.95 0.97
No. of cycles 32 32 50 50 24 24 765 765
No. of vehicles 8 8 13 13 6 6 195 195
COo Slope 1.009 0.999 0.955 0.996 0.884 1.013 0.979 0.974
(x%2*95% CI) (x0.121)| (£0.109) | (£0.049) | (£0.045) | (£0.178) | (x0.127) | (x0.025) | (=0.027)
R? 0.85 0.87 0.94 0.96 0.78 0.85 0.75 0.82
No. of cycles 32 32 58 58 24 24 717 717
No. of vehicles 8 8 15 15 6 6 183 183
HC Slope 0.873 0.878 0.964 0.968 0.957 0.960 1.030 1.023
(£%2*95% CI) (x0.152)| (+0.151) | (x0.098) | (+0.085) | (+0.161) | (£0.139) | (+0.032) | (+0.029)
R? 0.63 0.63 0.73 0.79 0.75 0.82 0.78 0.81
No. of cycles 32 32 62 62 24 24 787 787
No. of vehicles 8 8 16 16 6 6 200 200
NOx Slope 0.860 0.875 0.990 0.962 0.896 0.892 1.001 1.007
(x%2*95% CI) (x0.142)| (£0.130) | (£0.097) | (£0.064) | (+0.132) | (+0.124) | (x0.015) | (+0.012)
R? 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 Trieak3 T3PC:

Passenger Car; T3PT: Tier 3 Passenger Truck; HEV: Hyedtric Vehicle; LEV: Low Emission Vehicle; ULEV: Ultra Low
Emisson Vehicle.

2. +14*9504Cl: + half of 95% confidence interval:’Rcoefficients 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 medadtpd versus empirical cyetverage emission rates.

5. Shaded areas indicate there were no exceptional vehicles. The numbers are the shaided. 2h

6. For the All vehicle group, the number of exceptional vehicles is the same as the sum of the number of exceptional eatiicles
constituent vehicle group.
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4.4.3Model 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.
Table4.4 summarizes the validation results without exceptional vehicles for each vehicle group
and all vehicles.

For CQ, the models are highly precise, with & 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. Albther CQ model slopes are not significantly different from 1. Thus, the
COz2 models are validated to be accurate in all cases. ThadRslope values for model
validation are approximately similar to those for model calibration, with some being bigher
some being lower with only small absolute differences of 0.01%ani 0.01 for the slope.
Thus, the model goodneséHit to validation data is simitato that for calibration data.

For CO, the model goodnes§fit is approximately the same fordlvalidation compared
to the calibration data, with some random variations in absolute differencésuod Rlopes
among vehicle groups and models. TRes&lues tend to be relatively low, in the range of 0.60
to 0.75, for the low emitting Tier 3 vehiagoups, 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 1(ercent to 19 percent undgrediction.
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Table4.4. Assessment of goodnessfit of calibrated Vehicle Specific Power (VSP) modal and Operating Mode (OpMode) models
without exceptional vehicldsased on validation inbound cycles for each pollutant within each vehicle group and for all vehicles.

Vehicle Group
Pollutants Statistics T1PC T1PT T2PC T2PT T3PC T3PT
VSP OpMode | VSP OpMode VSP OpMode VSP OpMode VSP OpMode VSP OpMode
Model Model Model Model Model Model Model Model Model Model Model Model
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
CG Slope 1.015 1.008 1.023 1.003 1.007 1.004 1.005 0.997 1.011 1.008 1.005 1.002
(x%2*95% CI) (£0.016) | (x0.010) | (£0.037) | (£0.024) | (£0.007)| (+0.005) | (+0.008) | (+0.006) | (+0.014)| (£0.012) | (#0.011)| (+0.011)
R? 0.95 0.93 0.88 0.94 0.93 0.96 0.89 0.94 0.92 0.94 0.96 0.96
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
co Slope 1.005 1.006 1.095 1.052 1.034 1.035 0.952 0.941 0.920 0.901 0.896 0.873
(x%2*95% CI) (x0.039) | (+0.036) | (£0.127) | (£0.059) | (£0.042) | (£0.042) | (+0.051) | (¥0.049) | (x0.106) | (£0.111) | (x0.127)| (+0.136)
R? 0.96 0.96 0.91 0.98 0.81 0.80 0.69 0.72 0.75 0.72 0.65 0.60
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
HC Slope 0.919 0.953 0.826 0.812 0.991 0.979 1.006 0.988 0.853 0.858 0.871 0.864
(x%2*95% ClI) (+0.071) | (+0.062) | (£0.193) | (*¥0.175) | (£0.039) | (+0.038) | (+0.049) | (£0.050) | (*¥0.100) | (*¥0.094) | (£0.140)| (+0.135)
R? 0.85 0.90 0.66 0.65 0.77 0.78 0.84 0.84 0.61 0.63 0.74 0.77
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
NO« Slope 1.033 1.027 1.052 1.039 0.995 0.978 0.963 0.968 0.867 0.870 0.948 0.949
(x¥2*95% CI) (£0.038) | (+0.032) | (+0.095) | (+0.074) | (+0.026) | (+0.018) | (+0.042) | (+0.035) | (+0.088)| (+0.086) | (+0.077)| (x0.072)
R? 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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Table4.4. Continued.

Vehicle Group
Pollutants Statistics HEV LEV ULEV Al
VSP | OpMode| VSP OpMode| VSP OpMode| VSP OpMode
Model Model Model Model Model Model Model Model
No. of cycles 40 40 62 62 28 28 838 838
No. of vehicles 10 10 16 16 7 7 214 214
CGo Slope 1.008 0.999 1.015 1.011 1.008 1.002 1.008 1.002
(x%2*95% CI) (x0.023)| (x0.015) | (x0.021) | (x0.011)| (x0.018)| (x0.014)| (x0.004)| (+0.003)
R? 0.92 0.97 0.92 0.97 0.92 0.94 0.95 0.98
No. of cycles 32 32 50 50 24 24 764 764
No. of vehicles 8 8 13 13 6 6 195 195
COo Slope 0.877 0.892 0.943 0.978 0.812 0.854 1.029 1.019
(£%2*95% CI) (x0.130) | (¢0.102) | (x0.083) | (+0.069) | (+0.177)| (+0.156) | (+0.027)| (+0.025)
R? 0.78 0.89 0.80 0.87 0.77 0.86 0.75 0.78
No. of cycles 32 32 58 58 24 24 715 715
No. of vehicles 8 8 15 15 6 6 183 183
HC Slope 0.773 0.779 0.934 0.935 0.990 0.985 0.981 0.970
(£%2*95% CI) (x0.069)| (x0.065) | (x0.075)| (x0.069) | (x0.091) | (x0.084)| (x0.022)| (+0.019)
R? 0.89 0.90 0.84 0.86 0.95 0.96 0.83 0.86
No. of cycles 32 32 62 62 24 24 786 786
No. of vehicles 8 8 16 16 6 6 200 200
NO« Slope 0.871 0.886 0.931 0.984 1.013 1.031 1.013 0.975
(£%2*95% CI) (£0.128)| (x0.122) | (x0.098) | (x0.057)| (x0.130)| (x0.094) | (£0.016)| (£0.011)
R? 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 Trieak3 T3PC:

Passenger Car; T3PT: Tier 3 Passefigack; HEV: HybridElectric Vehicle; LEV: Low Emission Vehicle; ULEV: Ultra Low
Emission Vehicle.

2. +14*9504Cl: + half of 95% confidence interval:’Rcoefficients 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 empiraatgéeemission rates.

5. For the All vehicle group, the number of eptienal 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-fit of the model to the validation data is generally slightly better
than for the calibration data in terms of preaisiwith higher R 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, fdh|Bw as 0.61 for T3PC,
to high, wih 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 HEi@mis
rates tend to be very low.

For NOx, the model validation is highly precise fbier 1 vehicles, T2PC, and all
vehicles, for which Rvalues are 0.93 or higher. The precision is relatively low for the lower
emitting Tier 3 vehicles, for which theRanges from 0.63 to 0.76. The model accuracy is
generally good in that the slopenist 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 litttemiitfein R
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?Rnd slope compared to calibration.

For macroscopic emission rates, the mean empiricab&ged 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
CQO,, CO, HC, and N respectively. Compared to the empirical data, the mestgbed
CAERs differed by only 0.6%, 3.6%.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 véthereent. For
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interstates and major arterials, as represented by Routes 1 and 3, respectively, the models are
similarly accurate.
4.4.4Inter -model comparison

The modal model predicted CAERs are compared for the VSP versus OpMode model in
Figure4.6 based on 214 LDGVs and the 838 validation driving cycles. Thus, the comparison is
based on all vehicles, including exceptional vehicles. The predicted CAERSs for both models are
similar. The slopes vary from 0.99 to 1.02, depending on the pollutant, indicating similarity
between the models. The modbelsed predictions for COCO, and HC are not significantly
different. The difference in modéksed predications for N@ within 2 percent, which is not
substantially different even though it is significantly different. TRedRies from 0.96 to 0.99,
depending on the pollutant, indicating a high correlation between the models.

When exception vehicles are excludea, sfope, 95% confidence interval of the slope,
and Rfor CO, HC, and N@do not change compared to the results shovfigare4.6. There
are no excegonal vehicles for C@ The mean macroscopic tifased 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 consistentf@QAERs

each pollutant.
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Figure4.6. Intermodel comparison of predicted cyegerage emissiorates for Vehicle

Specific Power (VSP) modal model versus Operating Mode (OpMode) model for 214 light duty
gasoline vehicles (LDGVs) based on 838 inboundwag trips for (a) CQ (b) CO; (c) HC;

and (d) NQ. 95% confidence interval (Cl) of the slopeeported 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 modadverage rates ranging from approximately 10 foe @®ver
100 for CO. Forboth modal models, average vehicle modal emission rates typically increase
monotonically with positive VSP. A nemonotonic trend in modal rates with positive VSP can
generate bias in estimating CAERs, thus affecting precision and accuracy comparpilitalem
data. Thus, the precision and accuracy of these models is adversely affected by anomalous data
for some vehicles. The trend in modalerage rates can be affected by madarage pollutant
concentrations below detection limit and by the smaliga size especially at high VSP power
modes. When excluding the exceptional vehicles, the gooohdis®f the calibrated model is
improved.

Based on model calibration, when excluding exceptional vehicles, model precision
typically ranges from modera(®? = 0.70) to very high (R= 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
vehiclegroups 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 bio roberst
vehicle and intecycle differences.

Both models predict consistent CAERSs 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 medétation, 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-toateg
emission rates based on enay rautes. 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 buisas the potential teeduce energy
consumption and emissions from-mad 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 evaluateethsts/ity of emission rates to route
alignment, and compare emission rates between PVs and transit buses accounting for variability
in key factors. Realvorld bus speed trajectories were measured on actual bus routes for four
origin-destination pairs (OBs). To evaluate the sensitivity of emission rates to route alignment,
hypotheticakllternativebus routes were posited based on shortest distance, shortest travel time,
or observed PV routes for each ODP. Trajectories and emission rates for PVs wéfedua
based on prior measurements of two routes per ODP using portable emission measurement
systems. Trighased tailpipe C& CO, total hydrocarbons (THC), NCand particulate matter
(PM) emission rates were estimated for each ODP for gasoline arishgdmstorid PVs based on
a Vehicle Specific Power modal model and for compressed natural gas, diesel, aroybredel
buses based on the Transit Bus Emissions Md8iedakeven passenger load (BERkas
guantified b assess the minimum bus passengef teeded to achieve lower per passetiggr
emissions compared to PVBus emission rates per btrgp on actual bus routes are generally
higher than those on hypothetical routes. As a bounding analysis, compared tocingEncy
PVs, fully occupieduses are estimated to have 82% to 94% lowex @@% lower to 308%

higher CO, 99% lower to 145% higher THC, 6¥ver to 626 higher NQ, and 94% to 99%
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lower PM emission rates per passenggr depending on vehicle size, fuel and powertrain,
passenger kd, and routesBEPL varies depending on vehicle size, fuel and powertrain, travel
route, and pollutantThe relative importance of key factors affecting intermodal comparisons
differs by pollutants.The intermodal comparisas also affected by interaons among key
factors, such as passenger load and route alignment, veimébrces the need for joint
consideration of key factars
5.2 Introduction

Private vehicles (PVs) and public transit buses are commooaahpassenger transport
modes(Davis and Boundy, 2020)Globally, there are over 1 billion PVs and o¥8rmillion
transit buse¢Frey, 2018; Eckhouse, 2019PVs refer here to passenger cars (PCs) and
passenger trucks (PTs). PCs and PTs account for about 85% of global PiDstdskand
Boundy, 2020) The number of PVs and vehicle miles travéMiT) has increased over the
last several decades and will likely continue to increase along withlgdopulation growth,
economic growth, and population shifts to urban afeasanha et al., 2012; Rafajatt, 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, respectjvel2019(Davis and Boundy, 2020)
Ninety-eight percent of U.S. PVs are light duty gasoline vieki@.DGVs)(U.S. Environmental
Protection Agency [EPA], 2016a)J.S. transit buses are typically-8t to 60-foot long
(American Public Transportation Association, 201B) 2018, the U.S. transit bus fleet was
comprised primarily of conventional diesebmpressed natural gas (CNG), and diessttric

hybrid busegDavis and Bondy, 2020)
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On-road passenger transport consumes enargyemis tailpipe greenhouse gas(e.g.,
carbon dioxide [C@]) and other pollutants, such as carbon monoxide (CO), hydrocarbons (HC),
nitrogen oxides (N&, and particulate matter (PM), whidegrade air qualitagndhave adverse
health effects including premature de@@rA, 2M9, 2010, 2015a; Health Effects Institute,

2010; Kim et al., 2013; Intergovernmental Panel on Climate Change,. 20C4and NQ are
precursors for grounkkvel ozone formatiofSeinfel and Pandis, 20165hortterm exposure

to groundlevel ozonecausallyaffects respiratory morbiditfEPA, 2020a) In 2021, 125 million

people in the U.S. livenh areas irthe nonrattainnent of the National Ambient Air Quality

Standards foozone(EPA, 2021a) In 2017, 54 quadrillion BTU of energy was consumed for

global onroad passenger transport, which accounted for almost 70% of the energy consumed for
all on-road transport(Energy Information Administration, 20180nroad passenger transport

global energy consumptidrom fossil fuelincreased by 75% over the last threeatkes and is
anticipatedo continuously increadseforebatteryelectric vehicles (BEV)ecome dominani
thefuture (Energy Irfiormation Administration, 2020)

To reduce energy consumption and emissions fromoad passenger transport, one
strategy is to promote transportation modal shift from P\faitiic transit such as transit buses
(National Research Council, 2009; Gallivan and Grant, 2002018, 76% of U.S. commuters
travelled using PVs and less than 5% of U.S. commuters travelled using public(Traesit
Transport Politic, 2021)Transitioning passengers from PVs to transit buses could help reduce
VMT and reduce energy consumption and greenhouse gas emissionsdad @assenger
transportCambridge Systematics, 2009; Yuan et al., 20€3mbridge Systemati¢2009)
estimated that a 32 billion mile net reduatio 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 paly decisionsand strategiegegarding transportation modal shgtich as bus
procurement, route alignment, and transit routing and coverage in a route ngtadgles,
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 anad passenger transp{davis and Boundy, 2020)
Although BEVs have started to penetrate into the global market, they account for only a small
portion of the current flegtnternational Energy Agency, 2021For example, in the U.S. in
2020, batterselectric PVs accounted for only 0.5% of PV stock, and ba#kgtic buses
accounted for only 4% of transit bus stdglane, 2021 Sustainable Bus, 2021)t may be ten
yearsor morebefore BEVdhecomeadominantat more than 50% ofehicle stockInternational
Energy Agency, 2021)

Vehicle operationaémissions account for a large share otdifele emissiongArgonne
National Laboratory, 2021)For exampleof life-cycle CQ emissions, operational GO
emissions account for 75% for gasoline PCs (GPCs) and gasoline PTs (GPTs), and 86% for both
CNG and diesel buses. OperationalN@nissions accourior 43% and 61% of lifeycle NG
emissions for gasoline PTs (GPTs) and diesel buses, respeiivgiyine National Bboratory,
2021)

Key factors affecting intermodal comparison of energy useopacational tailpipe
emission rates between PVs and transit buses include vehicle size, fuel and powertrain,

passenger load, and alignment of travel ro(ltason 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, 202QaHowever, these key factors are rarely accaufdaejointly.

Vehicle size affects vehicle weight and, thus, tailpipe emission (@& et al., 2002;

EPA, 2020b) For example, arvarage 66foot bus had 160% heavier curb weight and about
70% higher C@emission rates per vehietaile than an average 360t bus(Wayne et al.,
2011; Wei and Frey, 202Qa)

Fuel and powertrain affects tailpipe emission rates because of differences in engine
combustion process (e.g., spagkition, compressioignition), hybridization, postombustion
aftertreatment, and fuel components and propdifilieset al., 2011; National Research Council,
2015; EPA, 2020c) For example, for a given passenger load and routnct@NG buses with
stoichioméric combustion engineand TWCshave two orders of magnitude higher CO emission
rates per passengmiile than 46foot diesel buses equipped wiélective catalytic reduction
(SCR) and diesel particulate filters (DPRS)x et al., 2011; Yoon et al., 2013)

Passenger load affects vehicle weight and, thus, tailpipe emission rates, particularly on a
per passenger bagklam and Hatzopoulou, 2014; Yu et al., 201&)pr example, on average, a
full 60-foot bus had 37% heavier weight and 25% highes €@ission rates per vehietaile
than an empty 6@oot bus(Wayne et al., 2011; Wei and Frey, 2020&Q: emission rates per
passengemile 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 timéi et al., 2016) However, bus routes are fixed ageherallynot aligned

for shortest distance or shortest travel t{@ats, 2019) Longer distance and larger travel time
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may lead to larger bus energy use and emissionstfiqr. aHowever, the effect of route
alignment on bus energy use and emissions has notdjeemed in the peaeviewed literature

Existing studiesoundmixed results for intermodal comparisdrecause of variability in
passenger load. Hodg&010)reported that C&emission rates per passengdgte for a
generic transit busarrying a quarter of its capacityere 33% less than for a generic sirgle
occupancy private vehicle (SOPMn contrast Bigazzi(2019)estimated that the average
energy use and C@mission rates per passengdle were higher for transit buses than for PVs.
However, passenger loads were not reported for both PVs and birese studies did not
guantify the varialfity in energy use and C{emission rates related to vehicle size, fuel and
powertrain, and travel routes for both PVs and transit busésrmodal comparisons for CO,

HC, NOx, and PM emission rates were not accounted for.

The Union of Concerned Scientig2)08)compared C@®emission rates for a generic
transit bus versus défent 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 Associatid2014)compared energy use and £3¥Mnission rates among
differentpassengetransportation modes, including PVs and transit busesgdon 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 addr8ssednd PV emission
rates for othepollutants were not quantified.

In addition, @counting for factors separately may neglect possibdeactions between
factors such as passenger load and travel rodtési and Frey(2020a)found that the effect of
bus passenger load was larger on bus emission ratesvier speed bus travel routes. For

example, on a New York Bus Route (average speed of 3.7 mph), 2010 model-jazrdésel
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buses carrying 40 passengers had 31% highereN{ksion rates per vehiefeile than those

carrying 1 passenger. However,@aKing County Metro Route (average speed of 23.4 mph),

the difference in N©@emission rates per vehieteile for 2010 model year 3fdot diesel buses
carrying 40 versus 1 passengers was only 11% higher. The variation in percent differences,
depending onnteractions 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 CO
emission rates for eroad passengéransport. However, intermodal comparison of emission
rates for other pollutants such as CO, HCxN&dd 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 vehioiée for CO and nommethane HC butigheremission
rates per vehiclenile for NO« and PM. Howeverthe variability in emission rates for PVs and
buses related to vehicle size, fuel and powertrain, passenger load, and travel routes was not
guantified. The intermodal comparison of emission rates between PVs and buses could differ by
pollutants.

Therefae, 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
factorsand their interactions
5.3 Methods

Methods include: (1) study design; 3d)ipipe exhauseémission rates estimation; (3)

comparison of route alignment; and (4) intermodal comparison.
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5.3.1Study design

The study dsign is illustrated ifrigure5.1. 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 loadr@utés.
5.3.1.1Vehicle 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 sscspart utility vehicle, pickup truck, and
minivan (U.S. Department of Transportation, 201&parkignited gasoline and gasoline
hybrids were the largest share of U.S. PV new vehicle sales in 2@ @nd 4%,
respectively(Center for Sustainable Energy, 202The share oPTsin the U.S. is observably
larger than that in Europe Unionand China. The proportiasf PTs in new PV sales in the
U.S. has increased from@0to 76% in the last deca@ureau of Transportation Statistics,
2021) In 202Q U.S. PT new vehicle sales were 3.2 times larger than PC new vehicle sales
(Bureau of Transportation Statistics, 202This ratio in is larger than in European Union (0.8)
and China (1.1jFossdyke, 2021; Statista, 2021)

For U.S. transit buses, vehicle size is categorized based on bus length, incluftiogy 30
40-foot, and 66foot long. Fuels and powertrains for U.S. transit buses in 2018 are primarily
sparkignited CNG, and compressicigniteddiesel andliesethybrid, at 30%, 43%, and 15%f

national bus stock, respectivélyavis and Boundy, 2020)
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Figure5.1. Flowchart of the study design for the intermodal comparison of emission rates per pasgehgiveen transit buses and
private vehiclesNotes:CNG: Compresselatural 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 commorbus typesn the U.S. fleet The three PV types are GPC, GPT, and gaseline
hybrid electric vehicle (GHEV)The eght commonbus types are 3040, and60-foot CNG,
30, 40, and60-foot dieseland40-foot and 66foot dieselhybrid busegAmericanPublic
Transportation Association, 2013; Hugi@omwick and Dickens, 2018)Thrty-foot diesel
hybrid bugswerenot taken into account becaubkey ardess common in the U.S.
5.3.1.2Passenger load

For each PV type, passenger load was varied from 1 tosémgexrs. 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, passengeasvaded from 1
passenger to the maximum passemgg@acity. The maximum passenger capacity for a typical
30-foot, 40foot, and 66&foot long bus is 40, 60, and 1X@spectivelyjncluding standing
passenger@American Public Transportation Association, 2018he paid bus driver is not
counted as a passenger.
5.3.1.3Selection ofroutes

PV and transit bus routes were selected based on-oiegtmation pairs (ODPs). Four
ODPs wee selected, as shownhkigure5.2. ODR1 is from NC State University (NCSU) to
North Raleigh. ODR2 has similar routes to OBDPbut in the reverseirection. OPDB3 is from
North Raleigh to Research Triangle P@RTP), and ODP4 is in the reverse directiorNorth
Raleigh is in a residential area. Many commuters in this area travel between North Raleigh and

downtown Raleigh (aepresented by NCSU) or RTPrey et al., 2008)
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Figure5.2. Private vehicle and transit bus routes in the study area for: (a)-dagimation pair
(ODP}1: from NCSU to North Raleigh; (b) OB2 from North Raleigh to NCSU; (c) OB®
from North Raleigh to RTP; and (d) OBP from RTP to North Raleigh. Notesctal: actual
route; HAR: hypothetical route alternative route; FED: hypothetical routeshortest distance;
H-ST: hypothetical routeshortest time; NCSU: North Carolina State University; PV: private
vehicle; RTP: Research Triangle PaBlource 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 asterstate, principal arterighndminor arterial Emission rates vary among road
functionalclassegKhan et al., 2020)For each ODRtwo PV routes (A and Byere previously
designed to include a mix of road function@sseqFrey et al., 2008)In total there are eight
PV routes. The PV routes comprised 110 miles efoaa driving with speed limits ranging
from 25 mph to 70 mph. Details of selection of PV routes are given in Frey(2i1@8) PV
routes for each ODP were named as ENDRPV-Route ID, such as OBDBR-PV-A, ODP-1-PV-

B, and so on.

Each ODP has four bus routes, including one actual bus route and three hypothetical
alternativebus routes. The actual bus routestased on multiple bus services, because there
was not direct service for each ODP. For each of Q@Rd OPE2, GoRaleigh Route 8
connected with GoTriangle Route 100 at the downtown Raleigh bus terminal. For each-of ODP
3 and ODP4, GoRaleigh Route 8 cancted 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 talignieent, fo each
ODP, three alternativeutes were positedHypothetical shortest distance-&D) and
hypothetical shortest travel time {&I') routeswere identified using ArcMap. A hypothetical
alternative route (HFAR), with the same alignment as one of toeresponding PV routesyas
posited for each ODPH-AR was specified based on the PV route that overlapped the least with
H-SD and HST routes.Bus routes for each ODP were named as DbPBus-Route ID, such

as ODP1-BusH-SD, ODR1-BusH-ST, ODR1-Bus-H-AR, and so on.
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5.3.1.4Measurement oftrajectories, passengeroad, andbus stops

For each PV route, approximately 230 secbgeéecond speed trajectories were
previously measuredy the research team at NC8bing an orboard diagnostic scan tool to
record speedata(Frey et al., 2008; Liu and Frey, 2015; Yuan et al., 2019b; Khan et al., 2020;
Wei and Fey, 2020b) For each actual bus route, five secdryedsecond speed trajectories were
measured usingglobal position system (GPS) receiy&armin GPSMap 76C$by riding
local transit buses, including GoRaleigh Route 8, GoTriangle Route 100, anglaobRoute
12B. The measurements fesch actual bus route were conduatadng offpeak periods For
PVs about78% of the measurements were conductkding offpeak periods

Speed trajectories recorded using GPS receivers are subject to errors afiduraise
and Earleywine, 2012; Yuan et al., 2019he trajectories were processed to correct errors and
noise based on cubgpline interpolation and Savitzk§olay filtering(Yuan and Frey, 2018)
Cubicspline interpolation was used to correct errors (e.g., signal loss), and SaSibtky
filtering was used to correct noise.

During the speed trajectory measurements foh eatual bus route, the stbg-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 measuremesasifor
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.
5.3.2Emission rate estimation

PV and transit bus emission rates were estimated using different modeling approaches.
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5.3.2.1Private vehicles

Since 2008, NCSU has used simplified portable emission measurement systems (PEMS)
to measure LDGV C¢) CO, HC, NQ, and PM tailpipe exhaust concentrationsdesignated
realworld routeqFrey et al., 2008; Liu and Frey, 2015; Khan and Frey, 2018; Khan et al., 2020;
Wei and Frey2020b) Details regarding realorld LDGV emission measurements and analyses
are given by Frey et g2003)for PEMS instrumentation, Frey et €008)for selection of real
world routes, Wei and Frg2020b)for realworld emission measurements, and Sandhu and Frey
(2013)for data processing and quality assurance.

The simplified PEMS accurately measured>0OCD, and NQ concentrations within
+5% (Vu et al., 2020) HC concentrations were measured using nondispersive infrared (NDIR)
analyzers. NDIR responds to variations in HC for straghiain alkanes but partially respds
to the total HC (THC) speciéSinger et al., 1998; Stephens et al., 1998)e mean ratio of
THC to NDIR-based HC cacentrations was 2.2 for LDGV tailpipe exha(fSinger et al., 1998)
Thus, PV HC concentrations ngaied 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 rerence methods, PM concentrations measured by the laser light scattering
detection method were biased low by a factor of 5.0 on avéagbin et al., 2007; Johnson et
al., 2011, Khan et al., 2012)Thus, PV PM concentrations measlfieom 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 isthe most recent U.S. light dutghicle (LDV) emissiorstandardapplicable to CO,

THC, NGO, and PM(EPA, 2016a) The Tier 3 emission standard took effect in 2(EBA,
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2016a)and is likely to continue for the foreseeable futUe®A may revise the LDV standards
for fuel economy and C£emissions, but these plans are not as yel fERA, 2021b) Since
2016, 28 Tier 3 PVs were measured, including 15 GPCs, 12 GPTs, and onsegadwid PC.
Because of the small sample sidata for the one Tier 3 GHEV was grouped with data for nine
Tier 2GHEVs(Liu and Frey, 2015; Wei and Frey, 2020B8)ll PVs had hreeway catalysts
(TWCs).

A 14-mode Vehicle Specific Power (VSP) modal model, based on prior (Fogk et al.,
2002, 2008)was calibratedor 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)appaechused in
t he U. SVOtoiEVEhcligé Emission Simulator (MOVES)hen 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 beenvieempirical studies to quantify the effect of passenger load on PV
emission rates. Vehicle weight is 3,300 Ib for an average PC and 4,100 |b 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 adudgesbody weight of 150 Ib. Frey and
Kim (2006)found that a 140% increase in vebigeight for dump trucks produced only 30% to
35% increases in emission rates, depending on the pollidaimberget al.(2012)estimated
that PC fuel consumption increaseddnjy 2% per 100 |b increase in weight. Emission rates are
approximately proportional to fuel use rates for a gasoline PV with W&y et al., 2008) As

a base cas®V emission rates per vehiaheile wereassumed to bmsensitiveto passenger
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load. Sensitivity analysis was done based on a conservative assumption that PV emission rates
per vehiclemile increase proportional to the relative increase in vehicle weight.
5.3.2.2Transit buses

The Transit Bus Emissions Model (TBEM) is applieten 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, asgpeed trajectory in a systematic framework, and can be applied to estimate
bus CQ, CO, THC, NQ, and PM emission rates for a given trajectorire effect of passenger
load on vehicle weight, and the effect of vehicle weight on emission rates, is @akintifi
TBEM. TBEM was validated with independent daBEM is widely applicable to estimate
realworld bus tailpipe emission rates. However, although local variations in cycles were
addressed for the study area, the study area does not represerthiisaasttvity in densely
populated urbanized areas.

Transit buses with 2010 and newer model yaae the focus of emission estimates
because they are certified to the most recent U.S. transit bus emission stERdqra016b)
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 bu&ER#et2020) The 2010
and newer model year diesel and didsdirid buses are equipped with SCR for\Ontrol and
DPFs for PM controfNelson, 2010) The 2010 and newer model year CNG buses us
stoichiometric combustion engines with TW(ESA, 2020e)

TBEM was used to estimate route average emission rates for actual bus routes for each

ODP based on measured speed trajectories and milesigbted average passenger load. For
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each ODP, mileageeighted average passenger load was estimateeigytvng the observed
stopby-stop passenger load by the fraction of diggstop distance to trip distance.
Emission rates for each hypothetical bus route were estimated differently for portions of
the hypothetical routes that overlapped, versus didvestap, 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 classificatio of road functional clager the study routes was obtained from an
NC DOT databas@North Carolina Department of Transportation, 202Rpad functional
classes include iatstate, 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 &ach bus type andad functional claskased orthe processed
secondby-second trajectorieendmileageweighted average passenger lo&ahission rates for
non-overlapping portions of bus routes were estimated by weighting the road functional class
based mass per distance emission rates by the perabstaoice attributed to each road
functional class
The distribution of bus stops is related to road functional ¢fasgpatrick 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 andrstates. 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 classbasel average effective number of bus stops per mile by the travel distance in

each road functional class
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5.3.3Comparison of route alignment

Ratios of actual to hypothetical bus routes in terms of distance, travel time, aothirip
emissiors (e.g., g/trip) were quantifiedf each ODP Ratioslargerthan onandicatedpenalties
in distancetravel time or trip total emissiors for actual routes

For hypothetical bus routes, passenger load could differ from that of the actual route.
Thus, sesitivity analysis was conducted to evaluate the effect of passenger load on the ratios of
actual to hypothetical bus routes for tigpal emissiors.
5.3.4Intermodal comparison

Trip emission rates per passenges.(g/passengerip) for transit buses versi®/s
were compared accounting for variability in vehicle size, fuel and powertrain, passenger load,
and routes A bounding casewvhich was most favorable to buses and least favorable to PVs, was
assessed based on fully occupied buses versus S@RNMsrcombinations 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 breakven passenger lIo§8EPL). BEPL represents the number of passengers on the
bus for which trip emission ratper passengdor buses and PVs are equivaleBEPL is
deemed fAfeasi bl edo wlimaximum gassehgeecapaditpEPL haxnotget d b u s
been quantified forach pollutant.Each ODP had two PV routes and four bus routes; thus, for
each ODPBEPL was estimated for eight paired comparisons between PV and bus routes. In
total, BEPL was estimated for 3@airedcomparisons (4 ODPs x 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 pagspriger
multiple routes for each ODP between PVs and transit buses.

Supplementary Materia[SM) include results regardirthe comparison of VSP modal
rates for Tier 2 and Tier 3 GHEVspmparison of VSP modal rates based on PEMS
measurements and OpMode modal rates basedB PAG6s MOVES model f or
GPTs; sensitivity of PV emission rates per vehioige to PV weightcomparison of busip
total emissions between mileageighted average passenger load and-Byegtop varied
passenger loadpad functional clesbased emission rates for each bus type with varied
passenger loadgrification of road functional class approaches for estimatingripustal
emissiors,; ratios ofbus triptotal emissiors for actual to hypothetical bus routes &ach ODP
sensitivty analysis of passenger load on the ratios of actual to hypothetical bus routes for trip
total emissionsjntermodal comparisons of emission rates per passémgéor PV versus
transit buses for each ODBus BEPLwith respect t&&OPVs and duabccupagy private
vehicles (DOPVgbased on 4 ODP8,PV routes, and 16 bus route®mparison of emission
rates from other operational emission processes for PVs versus buses; and comparison of life
cycle emission rates for PVs versus buses.
5.4.1Private vehiclemodal emissionrates

Figure5.3 shows the average VSP modal emission rates of 15 GPCs, 12 GPTs, and 10
GHEVs for each pollutantThe average VSP modal rates increase nwomeally with positive
VSP. For each pollutant, the modalerage rates are lowest for Mode 3 and highest for Mode

14. Modal CO emission ratéswvelarge incremental increases at hig8P because of open
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Figure5.3. 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 Gaydilime

Electric Vehicles (GHEVSs) for the Vehicle Spigc Power (VSP) modes for: (a) GQb) CQ

(c) THC; (d) NQG; 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 GHEs are not available.
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loop engineoperationgEriksson and Nielsen, 2014Dpenloop engine operations prevent
catalysts from overheating by reducing the fraction of CO oxidized to ®@@riations in modal
emission rates differ by pollutants. For example, the rafiisechighest to lowest average

modal rates for GPCs are 10 for £390 for CO, 19 for THC, 21 for NQand 28 for PM.

GHEVs have higher THC modal rates than GPCs and GPTs, and higherdd@l rates than
GPCs. GHEVs have periods of the internal combnstngine being off which leads to periods
of low exhaust temperatu(Reyes et al., 2006)Low exhaust temperature leads to low catalyst
tempeature, which decreases the catalyst efficiency of oxidation of THC and reductior of NO
(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. Footherpollutants, there are 56 combinations of
VSP modes and pollutants (4 pollutants x 14 modes/pollutant). To assess ifHHE®s can
be grouped together, VSP modal ratesecompared between nine Tier 2 GHEVs and one Tier
3 GHEV. VSP modal rates for the TieGHEV are within the range of those for TieGHEVS
for 54 of 56 combinationsThus, all terGHEVs can be groupddgether.

The VSP modal emission rates were benchmarked to OpMode modalbtziesd from
E P ARIGVES model MOVES OpMode modal rates for GPCs and GPTs are based on model
year 2017n which theTier 3emission standard had already taken efféci. exanple, for CQ
for Tier 3 GPCs, VSP modal rates range from 0.9 to 9.9 g/s based on 14 VSP modes; OpMode
modal rate®btained from MOVESange from 0.6 to 9.1 g/s based on 23 OpModes. For each
pollutant for GPCs and GPTs, VSP and MOVES OpMode modallrateshe same order of
magnitude and have overlapping rang€bus, the emission rates based on-veaild

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 &dB% OpMode models
because MOVES does regparatelyaccount for GHEVSEPA, 2020b)
5.4.2Transit bus emissionrates forselectedr oute alignments

Table5.1 shows the characteristics for each bus route for each ODP, mglunileage
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-wdegged trip
average actual route passenger load varied fr8ro71.0.2 among the four ODPs. This range is
comparabldo the average bus occupancy in the U.S., which was 7.7 passengers (D&048
and Boundy, 2020)

For ODR1, the actual bus route has 10% longstashce compared to Route$D, and
20% more travel time compared to Rout&SH. Route HST has the smallest effective number
of bus stops because 56% of travel distance for Ro«8& i$ on interstates. The route
characteristics for ODR are similar t@DDP-1.

For ODR3, 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 {S@uentl 140%
more travel time than Route-8IT, because the actual bus routeasda on multiple bus
services. The average speed for the actual bus route is the lowestthafong routes in ODP
3. The route characteristitr ODP-4 are similar to OD.

Mileageweighted average passenger load is used as a surrogate for obsgwge
stop varied passenger load for each OBB.detailed in the SMestimated triptotal emissiors
are similar, within £0.2%, based on mileageighted average passenger load and-ksyegtop
varied passenger load for all pollutants and ODPs. Thieageweighted average passenger

loadis used to simplify the analysis.
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Table5.1. Route characteristics for actual and hypothetical bus routes for each-Deggginaton Pair (ODP).

Route | Effective | Trip mileage Percent of distance by road functional classes®(9
ODP Route namé Distance Tg;\;el average| No. of weighted Principal | Mi Mai
No. (mile) | (miny2 | Speed | busstops)  average | interstate| " neinl oo | coector | oc
(mph) per trip passenger loatl
ODP-1-Bus-Actual 9.2 33.9 16.3 7.2 8.4 0 0 48 47 6
1 ODP-1-BusH-SD 8.4 31.6 16.0 9.6 n/a 0 13 47 37 3
ODP-1-BusH-ST 11.6 28.3 24.6 4.7 n/a 56 17 27 1 0
ODP-1-BusH-AR 10.2 34.9 17.4 10.3 n/a 0 28 66 0
ODP-2-Bus-Actual 9.5 34.2 16.7 6.6 10.2 0 0 49 45 6
ODP-2-BusH-SD 8.4 32.1 15.7 9.6 n/a 0 13 47 37 3
2 ODP-2-BusH-ST 11.4 30.4 22.5 4.9 n/a 55 15 25 0 4
ODP-2-BusH-AR 10.1 35.5 17.2 10.2 n/a 0 28 66 5 0
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
3 ODP-3-BusH-ST 16.3 24.5 40.0 4.7 n/a 76 2 15 7 0
ODP-3-BusH-AR 17.5 39.4 26.7 8.5 n/a 0 73 14 10 3
ODP-4-Bus-Actual 24.0 59.2 24.3 12.8 7.8 21 15 31 18 15
ODP-4-BusH-SD 16.1 28.4 34.1 4.9 n/a 77 0 15 7 1
4 ODP-4-BusH-ST 16.2 25.6 38.1 4.7 n/a 76 2 15 7 0
ODP-4-BusH-AR 17.6 42.6 24.9 8.6 n/a 0 73 14 10 3
Notes: 1. Actual: actual route-8D: hypothetical routeshortest distance;43T: hypothetical routeshortest time; HAR: hypothetical route alternative route.

Route HAR is based on the same route alignment as a corresponding private vehicleoatganap is shown iRigure5.2.

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 effectivbusustbes &dr the actual
route for each ODP is based on the mean of five measurements. The effective number of bus stapkdtcéiyputes for each ODP is estimated by
weighting the road functional clabased average effective number of bus stops per mile by the travel distance in each road functional class.

4. Trip mileageweighted average passenger load for the actualdotis for each ODP is estimated by weighting the observeebgtstop passenger
load by the fraction of stepy-stop distance to trip distance. For each ODP, trip mileagighted 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 cladsased mass per distance emission ratesdch bus type are
shown inFigure5.4 based on mileageeighted average passenger load off@4he actual bus
route on ODPL (Table5.1), asan example. For each bus type and pollutant, emission rates
increase as the road functional class varies frienstate to local For example, for 4@ot
diesel buseCO; emissiorratesper vehiclemile are3.4times higher for local versus intergtat
road functional class. Transit buses typically have more frequent btghsr signal density,
and lower average speed local roads compared to interstates, which leabgteremissions
on a per mile basigable C.8) The rendin roadfunctiond classbased emission rateer
vehiclemile isnot sensitive to variation in passenger lodtie error bars do not overlap except
for major collector versus local. Thus, for most of the road functional classespader
functional class variabilitysia larger contributor to variation in average emission rates than
inter-trajectory variability within a road functional class.

The relative trend in emission rates per vehnlie with respect to road functional
classes is consistent with existing sagfiyu and Li, 2014; Zhang et al., 2014)t accounts for
more road functional classes, pollutant species, and bus types. Yu(@dd4)compared CQ
CO, NG, and HC emission rates per vehikllmmeter for a 4€foot diesel bus among principal
arterial, minor arterial, and a mixed combination of major collector and local road functional
classes. Zhang et §2014)compared C@emission rates per vehieklometer for 46foot

diesel buses for interstates, arterials, and local roads.
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Figure5.4. Estimated road functional clabssed gram per vehiclmile emission rates for each
bus type based on 2010 and newer model year group transit buses carrying 8.4weilghtpsl
average passengers for: (a) ££®) NOx; and (c) PM. Notes: Error bars are standard deviations
based on 20 meared trajectories for all actual bus routes. CNG: compressed natural gas.
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