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ABSTRACT

The objective of this project was to develop a mstale modefor the energy use and emissions

of light duty gasoline vehicles, based oruse measurements, and incorpothteresulting fuel

and emissions model into the CORSIM traffic simulatiggnogram Portable Emission
Measurement Systems (PEMS) were usedd¢asure the exhaust emissions of 10 passenger cars
and 5 passenger trucks during driving on routes in the Research Triangle Park, NC region,
supplemented with data collected in Asheville, NC and Gainesville, FL. Fuel use and emissions
during cold starts ere also measured using PEMS. The PEMS data were used to quantify fuel
use and emission rates for 14 Vehicle Specific Power (VSP) modes. VSP is an indicator of engine
power demand based on speed, acceleration, and road grade. Cold start incremezitsder f

and emissions were quantified. The W&sed approach was implemented into CORSIM. To
demonstrate a method for evaluating emissions estimates from the revised CORSIM, a pilot study
was conducted for thed corridor near Orlando. VSP modal enossrates for a test vehicle were

used to calibrate CORSIM, and CORSIM was used to predict the emissions for the same road
segments traveled by the vehicle. The project successfully demonstrated tatricaiehicle
emissions data can be incorporateiw ia traffic simulation model, and that the revised model can

predict trends in vehicle emissions consistent withwnesld data.

STR I D E Southeastern Transportation Research, x
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EXECUTIVE SUMMARY

Transportation accounts for 28% of U.S. energy use (EIA, 2006). Highway transportation accounts
for 32% of national annual emissions of nitrogen oxides N&0% of CO, and 22% of volatile
organic compounds (VOC) (EPA, 2012). NOx, CO, and VOC are precursors to tropospheric ozone
formation. There is increasing concern regarding air quality, which motivet@®ed for accurate
micro-scale vehicle Energy use and Emissions (EU&E) daeatworld EU&E datacan be
measured in the fieldith Portable Emigen Measurement Systems (PEMS) (Frey ef@03).

In this work, data measured for light duty gasolinbisles were uskto develop a microscale
modelof EU&E rates, which in turn is incorporated inteviglely used, USbhased traffic simulation

mode] CORSIM Thiswill enable the assessment of how traffic control strategies can improve
the environmental pesfmance of urban highway networks

This researcks an extension of prior worét the University of Florida in the area of traffic
micro-simulation (McTrans 2012), and at NC State University in the are®BMSbased
measurement and developmenEf&E mocels(Frey et al.2001, 2002a&b, 2002008 2010.

The EU&E modeling method is founded on the concept of Vehicle Specific Power (VSP), also
used in the EPA MOVES modeli(nenezPalacios, 199%PA 20L1).

CORSIM is a microscopic, stochastic, traffic slation software program. CORSIM can
model the movement of vehicles in great detail, taking into account a variety of geometric and
traffic factors, and doing so at asécond time resolution. While CORSIM currently has the ability
to generate fuel consytion and emissions estimates, it is rarely used for this purpose, as the

underlying data are based on research from theln8d8 0 6 s | e{aM €984, Hooker, estimated

Southeastern Transportation Research, .
. . Xl
Innovation, Development and Education Center
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1984), and modifying these data by the user is a challenging proposition. COR&htlgurses
look-up tables to define fuel consumption and emissgareration These tables are indexed by
vehicle type, instantaneous speed, and instantaneous acceleration (but not for grades). Fuel
consumption and emissions are accumulated every tepda@tevery vehicle Thus, in this work,
the fuel consumption and emissions data are updated based on recently collected PEMS data.
Realworld fuel use and emissions for ksifibilized runningtailpipe exhaustwere
measured on selected routesIbiselected vehiclesncluding 10 passenger cars and 5 passenger
trucks( S U V. 8defted routes include four routes in Raleigh and the Research Triangle Park
(RTP)in North Carolinaroutes in Gainesville, FL and a segment-dnin Orlando, FL. Selected
vehicles include a Honda Pilot from the University of Florida, and a variety of vehicles recruited
from student volunteers and rental agenciata were also collected in Asheville, NC to assess
the effect of altitude and road grade on emissions. Coldsghuse and emissions were measured
for a selected set of vehicles in the RTP area.
For the hotstabilizedexhaustmeasurements, an Axion portable emission measurement
system (PEMS), a ProScan-baoard diagnostics (OBD) system, and 8 Garmin 76CSxitrgck
global positioning system (GPS) receivers were used to measure exhaust pollutant concentrations
and vehicle activities. For the cold start measurement, the PEMS and OBD werExsadst
emission rates of CO, GCHC, and NO (in g/s), on a second legend basis, were estimated from
the exhaust concentrations based on carbon mass balance and the flow of fuel or exhaust gas. Road
grade was estimated using the GPS data at 1 Hz Eatssiongrates werestimated on the basis
of VSP. V3 was categored into 14 modesviodes 1 and 2 are for negative VSP which includes

deceleration or coasting down a hill. Mode 3 includes idling. Modes 4 through 14 include

Southeastern Transportation Research, .
. . XIl
Innovation, Development and Education Center
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increasing positive VSP associated with accelerating, cruising at various speeds, or traxaeling up
hill. Average fuel use and emission rates were estimated in each VSP mode as a modal emission
rate. Uncertainty in the average rates was quantified using 95% confidence intervals

For cold start measurement data, fuel use and emissions were quantified based on
comparison to the hedtabilized idling ratesBased on the average ksitbilized idling fuel use
and emissions rates, the cold start increments of fuel use and emmsierguantified.

VSP modal fuel use and emission rates are typically lowest at idle, and increase
monotonically with increasing positive VSP. Fuel use and €@fiission rates typically increase
linearly with positive VSP.For the average of 10 measuredgenger cars, at the highest VSP
mode (Mode 14), these rates are approximately 11 times greater than at idle (Mode 3). Among
the other three pollutants, the HC emission rates tend to be the least sensitive to VSP, also
increasing by a factor of approxineit 11 for the highest observed VSP mode compared to idle.
However, &ilpipe exhaust emission rates of N@&ndCO typically increase in a nonlinear manner
with positive VSP.

For the average of 5 passenger trucks, the trends in VSP modal averagee faatlus
emission rates are qualitatively similar to those for passenger cars, but the numerical values are
somewhat different. For example, the ratio of the Mode 14 to Mode 3 modal average fuel use and
CO, emission rates for passenger trucks is approximat@lcompared to approximately 11 for
passenger cars. For NQ@he ratio is 88 compared to 155. For CO, the ratio is 120 compared to
170. The ratio for HC is approximately the same as for fuel use in both ¢éeesver, similar
to passenger cars, thi, emission rates are more sensitive to VSP for moderate to high demand,

whereas the CO emission rates tend to be relatively low except at very high power demand.

Southeastern Transportation Research,
. . X1
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The results of the field measurement of cold starts confirms that vehicles irube finet
have significant incremental increases in fuel use and emission rates during the first few minutes
after starting the engine, when the engine and exhaust system have previously reached ambient
temperature. The average cold start incremental fuelamges from 71 gramser startto 91
gramsper startfor passenger cars and passenger tiudspectively For example, if an urban
area had 1 million vehicles with cold starts each weekday, the incremental fuel use for the cold
start would be between Z®0 and 32,000 gallons, or approximately 6 to 8 million gallons per
year if there were 5 starts per week for 50 weeks per year.

Altitude may also affect fuel use and emissions. Many studies have evaluated the effect of
altitude on heawygluty diesel vehlules using dynamometer tests, but there is lack of such study for
light-duty gasoline vehicles based on comparison of the same vehicle at different altitudes. Three
light-duty gasoline vehicles were measured on low altitude piedmont (LP) routes in ¢éighRal
NC area and on high altitude mountainous (HM) routes in the Asheville, NC area. Road grade and
altitude were jointly found to have a significant effect on fuel use and emission rates. Cycle
average fuel use, CO emission, and NOx emission ratesappreximately 10%, 60%, and 40%
higher, respectively, for the HM vs. LP areas

The main steps for implementing the \B&ed EU&E estimation approach into CORSIM
wereto: (1) replace the current set of leog tables with the VSP model and the corresioomn
modeto-e mi ssi ons/ fuel consumption relationship fe&
which means being able to track a vehicle while it is off the roadway (e.g., in a parking lot); and

(3) accumulate the emissions statistics on a raagesbA method for evaluating the revised model

Southeastern Transportation Research, .
. . XIV
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is demonstrated. The method is based on simulating light duty vehicle traffic on a selected
corridor, and comparing the model estimates with vehicle activity, energy use, and emissions data
measured on theame corridor using PEMS.

For the purpose of initial testing of the V®Bsed fuel use and emissions estimation
methodology for incorporation into CORSIM, a pilot study was conducted ordtherridor near
Orlando, FL based on field measurements of adddrilot with the PEMS. The VSP modal fuel
use and emission rates for the Pilot were used to calibrate an initial version of tiad&sHuel
use and emissions estimation method within CORSIM, and CORSIM was used to estimate vehicle
activity and emissios for the same corridor. The comparison of the results from CORSIM with
those of the field measurements for selected segments e tt@lidor was a confidence building
measure to demonstrate that the combined traffic and emissions model can rasioicable and
realistic estimates of emissionBifferenceswere foundn the amount of time spent in ea¢BP
mode between the field and the simulaibn. However, theséifferences are likely due to
constraints imposed bthe carfollowing and possibly lane changinglgorithms built into
CORSIM, which govern the generation of the acceleration and deceleration rates that are key to
estimating the VSP valuesCold start measurements were also added to CORSIM. Due to
software architecture litations, some simplifying assumptions needed to be incorporated for the
implementation. Nevertheless, the emissions estimation accuracy of CORSIM@siderably
improvedwith the simplified treatment of cold stadser the previous condition.

The emissions estimation process in CORSIM has undergone a complete makeover
through this projectFor one, the emissions and fuel consumption rates are now based on the most

current passenger vehicle fleet, ahé ¥SRbased emissionand fuel consumptionsémation
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approach has a much stronger analytical and empirical foundation than the previous approach used
in CORSIM, and consequently is more accurate and robust.

The project successfully demonstrated that-vweald vehicle emissions data can be
incorpoited into a traffic simulation model, and that the revised model can predict trends in

vehicle emissions consistent with reabrid data.
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CHAPTER1 BACKGROUND

Transportation accounts for 28% of all U.S. energy use (EIA, 2006). Highway transportation
accounts for 32% of national annual emissions of nitrogen oxides (NOx), 50% of CO, and 22% of
volatile organic compounds (VOC) (EPA, 2012). In the latest draftegiaPlan, théJnited

States Department of TransportatiddSOOT) recognized the environmental impacts of the
transportation system. Two of its five goals dealt with livability and environmental sustainability
(USDOT, 2012). Since so much energy use anggons come from transportation, there needs

to be an accurate way to predict the fuel use and emissions for vehicles along certaiasoutes
well astesing the impact of transportation strategies on fuel use and emissions.

The Energy Use and Emissions (EU&E) estimation method used in this project is based on
Vehicle Specific Power (VSP), the same conceptused iBthev i r on ment al Protect
(EPA) Motor Vehicle Emissions Simulator (MOVES) (EP2011). VSP is a vehid activity
measure of engine load. VSPbismnedinto a discrete number of modes, which are correlated to
fuel use and emission rates per unit time (Frey et al, 2002). Researchers from North Carolina State
University (NCSU), most notably DrH. ChristopherFrey, have developed VSflibrated fuel
andexhausemission models for light duty vehicles, transit vehicles, and heavy tio&3/SR
based exhausimissios modal estimagancluderunning and idling modefiowever, theylo not
account for the effecof cold starts, which can contribute up to 40% of-bgsedexhaust
emissions.Therefore, there is need foruse measurements of cold starts to supplement the VSP
based modal approach to exhaust emissions estimates.

To estimate fuel and emissions intraffic micro-simulator, one needs estimations of

instantaneous speed, acceleration, road grade, vehicle class, and vehicle starts. If all this
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information is available, the VSP calibrated models can be used to peldatisemissions and
fuel use. Infaffic micro-simulators,such asxCORSIM, the speed, acceleration, road grade, and
vehicle class are all known. Therefore, if the VSP maishplemented into CORSIM, it could
be used to predict emissiorGold start emissions would also have to be takea account in
CORSIM, adts currentemission estimation algorithdoes not consider the effect of cold starts.

PROBLEM STATEMENT

With the increasing concern for air quality, there is a need for accurate measurements or estimates
of micro-scale vehicleEU&E. The traffic simulation program used for this project will be
CORSIM. CORSIM is currently maintained by the ian&€ Cent er at the Uni ve
(UF). The underlying data for the fuel use and emissions in CORSIM is based on research
conductedn t h e m{MtGillleBaB, 0984 Hooker, 1984CORSIM currently defines fuel

use and emissions by using leoj tables indexed by vehicle type and instantaneous speed and
acceleration. Also, the effects of cold starts are not currently modeledRSBOIn this work,

the CORSIM codevasupdated to account for EU&Based on iruse reaworld measurements

that are typical of vehicle technologies and emission control systems in-teadfieet This

enables assessient ofthe environmental effectiveag of traffic andintelligent Transportation
Systemsmplementations more accurately.

RESEARCH OBJECTIVES AND TASKS

The objective of this project was to develop a m&cale model for the energy use and
emissions of light duty gasoline vehicles, based esmssmmeasurements, and incorporateubé
andemissions model into the CORSIM traffic simulatipmogram If the EU&E can be modeled

in a widely used traffic simulatigorogram transportation analysts will have the abilityesiimate
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the environmental impact of different traffic management stratefeemeet the objectivdield
measurementsvere made of reakorld vehicle emissions, including hot stabilized tailpipe
emissiondorawarmeeu p vehi cl e, and the incremental e mi
of the vehicle The hot stabilized emission rates are quantified in terms ofSE Modes that
represent driving situations such as deceleration, idling, cruising, acceleration, and hill climbing.
Measurements were made for both passenger cars and passenger ThekKSORSIM code
corresponding to the fuel use and emissions outpassmodified The lookup tables for fuel use
and emissions were replaced by the VSP approach, with a value for fuel use and emissions rates
corresponding to each mode of V8&responding to a vehicle typelcTranE  wi | | di stri
the revised CORSIM tostlarge network of users in the U.S. and worldwide. The main steps for
implementing the new VSP model into CORSIM were to: (1) replace the current set-afplook
tables with the VSP model and the corresponding rie@enissions and fuel consumption values;
(2) consider the effect of cold starts, (3) accumulate emissions statistics on a link, OD, and route
basis. The tasks that were undertaken to complete this work are summarized:
1 Task 1: Fuel and emissions model extensionBhe capabilities of CORSIM wemxtended
to better estimate fuel use and emissions rates.
1 Task 2: Data collection and reductidn Datawere collectedregarding the iruse activity,
energy use, and emissions of selected vehicles. The emissions included hot stabiliakl and c
start taipipe emissionsThe field studies obtained a wide range of speeds, accelerations, and
road gradesWith regard to road grade, measurements for a selected subset of vehicles were
made in a mountainous aredhis task involved preparation for field datalection, field

measurements, quality assurance and control, data analysis, and reporting.
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1 Task 3: VSP model implementation and testing in CORSIMhis task included replacing
the current lookup tables with the VSP model from the data analysis, vegfyin
implementation against hand calculations, and comparing the CORSIM results to empirical
results and identifying parameters that need calibration.

1 Task 4: Cold start data analysis and implementation into CORBIWhis task used data
collected by the NCSUesearch teanfor cold starts. The data included a wide range of

vehicles.
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CHAPTER 2 LITERATURE REVIEW

OVERVIEW OF PREVIOUS TRAFFIC SIMULATION A ND EMISSIONS MODELIN G
INTEGRATION EFFORTS

There have been numerous efforts to incorporate vehicle emsssiodels directly interavel
demand models (TDM9)r Traffic Simulation Models (TSMs)or to manually pass data from
TDMs or TSMs to a separate vehicle emissions model. For example, Advanced Interactive Micro
Simulation for Urban and Nebrban Network§AIMSUN) is a TSM Paniset al, 2006; David,

1999. AIMSUN has been used in combination with a European modal emissions model,
VERSIT+ (Fransen and Drewes, 1999; Ligterink and Lange, ROGROBILE6 has been used

with the Transportation Analysis a&Mulation System (TRANSIMS), a TSM, and EMME/2, a
TDM, for case studies of emissions of different road types in Portland, OrBgaoier{, 200b
MOBILES6 has also been used with PARAMICS, a TSt emissions impact of Electronic Toll
Collection (ETC) plazaversusraditional toll collection (Bartiret al, 2011). MOVES has been

used in combination with several TSMs, such as PARAMICS, Dynamic Urban Systems for
Transportation (DynusT), and VISSINig€ et al, 2011, Linet al, 2011, Songt al, 2012, Hsu

and Jones, 2012, Chamberéhal, 2013. The applications iclude case studies of evaluatihg

effect of alternative transportation fuels and Connected Vehicle (CV) techndaye recently,

a reduced form version of MQV EhSa, s rheefeerr rierdc arop
DTAlite (Frey and Liu, 2013; Zhou et al., 2015). However, with the exception of the latter, these
efforts have been either computationally intensive or time consuming in terms of data exchange
between the transportation anmuissions models, and few are integrated to enable simultaneous

simulation of both vehicle activity and emissions in a single model run. This work involves
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directly incorporating an empiricallyased emissions simulation model within a traffic simulation

model.

REVIEW OF CURRENT CO RSIM EMISSIONS AND FUEL USE MODELING

In the current version of CORSIM, HC, CO, and ,N@missions only depend on speed,
acceleration, and levllealveticefedsr pertf oThmm@a nit e r f
are two peiormancelevelsfor passenger cars (leperformance and higperformance) anfive
performancdevelsfor trucks.The performance levels affect desired and maximum acceleration
and speed values, which generally rafigen 0 to 110 ft/0-75 mih)forspeeland fr om 1 10
10 ft/ (1 6.82 to +6.82 rith/s)for accelerationThe program looks up the speed and acceleration
in every second and assigns an emissiatsin mg/s for each pollutanh each second.The
previous version of CORSIMid not directly correlate roadway grade and desired speed to engine
power demand for the required acceleration rate. Rather, it made simple linear adjustments to the
look-up values of acceleration, as further explained below.

Fuel consumption rateseamodeled similarly to emissions rates in the cuwergion (6.3)
of CORSIM, but the calculation differs for the two different simolatsubprograms within
CORSIM. The two subprograms aré&NETSIM, which performs the traffic modelingn urban
streetsand FRESIM, whictperformsthe traffic modelingon freeways and urban highways. In
NETSIM, the fuel consumption value depends only on speed, acceleration, and performance index.
The program looks up the speed and acceleration for every second and assbosresumption
value inunits 0f0.0001 gallons per second. In FRESIM, when there is zero road grade, the program

calculates fuel use in the same way. When there is a grade in FRESIM, however, the program
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makes an adjustment to the acceleration tHableed up. The following equation comes from the
current code in FRESIM used to model fuel use:
JACC=JACC+ZACEM3 RGRADE 100 (1)
Where:
JACC-= actual(and effective)ehicle acceleratiofft/s/s)
ZACEM= grade correction factor for fueonsumptionl val ue i s based on
and performance index)
RGRADE= grade proportiomf road(i.e., %grade/100)
The program in effect is creating a nB@ummyo acceleration. That is, the program considers the
vehicle to have a higher acceleration when traveling on an uphill grade (or lower on a downhill
grade) than the vehicle actually does. For example, lbvaperformance passenger car
(performance index 1) eve traveling on a 3% uphill grade at a constant 70 ft/s, the actual
acceleration would be zero. THACEMvariable would be equal to 0.30fr speed 70 ft/s and
performance index)1 TheRGRADEwould be equal to 0.03, and the equation to determine the
Adummyo acceleration would be:
JACC=0+0.305% 0.032 100=0.915 2
The program then treats tiidummyo acceleration as the real acceleration, goes into the lookup
table for fuel consumption, and assigns a value for fuel consumption fyrsaend. With this
approach, the Adummyo acceleration serves as
increase to keep the vehicle at a constant speed (i.e., zero acceleration) on an upgrade. Obviously,
a better approach would be to ditgaccount for the effect of grade on engine load rather than

revising acceleration values to different values than the actual vehicle accelérhatisrithe desire
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to implementhe VSRbased approach, whiatcounts directly for roadway gradéSP is agood
indicator of engingpower demand, taking into account changes in kinetic energy, changes in
potential energy associated with road grade, rolling resistance, and aerodynamic drag-<{Jimenez
Palacios, 1999).

OVERVIEW OF EMISSION S MEASUREMENT TECHNI QUES

Emissions from vehicles are currently measured by a few different methods. The most common
methods for light duty gasoline vehicles include chassis dynamometer tests, remote sensing, and
portable emissions measurement systems (PEMS). Chassis dynamometersdcae either
average or secoraly-second data on emissions for a specified standardized driving cycle (EPA
1993). In remote sensing, a sensor captures instantaneous ratios of pollutants in the vehicle exhaust
as the vehicle passes through a specifiation (Bishop et al., 1998). PEMS can be installed on a
vehicle and used to collect miesgale data on any route driven by the vehicle (Frey et al., 2003).
The advantage of PEMS is that it represents actual conditions along any portion of any route, but
the measurement methods of a dynamometer are typically more accurate and precise. A PEMS
device has been available to the research team for many years and was usedtfocttiecaon

for this project.

EXAMINATION OF COLD STARTS

Frey, et al(2002)examned the effects of cold starts on vehicle emissiGdd starts are a period
of high emission rates that takes place when first starting a car that has reached ambient
temperature. Because of a combination of factors, including low catalytic coneenjerature,

low engine temperature and associated effects on cylinder wall temperature, fuel viscosity, and
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fuel/air ratios commanded by the vehicle electronic control unit (ECU), exhaust emission rates can
be relatively higher for a period tfpically sezeral minutegFrey, et al., 2002)

Figurel showshe relationship between G&haust concentrati@nd coolant temperature
for a particular vehid start. TheCO exhaust concentratiatars out very high for the first 130
seconds. During that period, the coolant temperature stays lower than 80° F. After about 130
seconds, the coolant temperature ande@Raust concentratiagstabilize. Thus, his paticular trip
has a cold stadurationof about 130 secondAn approach thaises the second by second time

series of emissions datan be applied tolassify cold starts. (Frey, et al., 2002)
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Figure 1. CO exhaustconcentration (volume percent)and coolant temperature over time
for a cold start (Frey, et al., 2002)
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To measure emissions, the research team used a PEMS. The authors used statistical techniques
based on notinear regression to estimate the duratiorhef¢old start by determining the time at
which the emissions stabilized. The authors called thisttiniéney wrote a program f&tatistical
Analysis Softwareghat used notinear regression to estimate Theyused the upper bound of the
95% confidencanterval as the assumégin order to reduce the chances that a vehicle would be
classified in the hot stabilized operation phase when it wtasldy in the cold start phagErey,
et al., 2002)

For the estimation of the duration of cold starts, HC @dwere given more emphasis
than NO emissions because HC and CO seem to be more affected by cold starts than NO. For cases
in which different values ot were found for different pollutants, the highest value was taken to
make sure that the cold start @awas not recorded as hot stabilized emissions. The authors
examined 34 trips that were deemed to experience a cold start, with the duration of the cold starts
ranging from 70 to 391 seconds. They wrote a program that determines the driving mode for each
second of data and estimates the value of emissions for each mode. One of the mtussoleas
start mode. All of the other modes were only defined for the time after the cold start ended. Idle
moderefers to zero speed and zero acceleration. Accelpratode refers to speeds greater than
zero accompanied by acceleration of at least 2 mi/h/s. The acceleration mode also includes
acceleration of at least 1 mi/h/s for 3 seconds or more, so as not to exclude more conservative
accelerations. Decelerationdsfined the same way that acceleration is, only for negative values
of acceleration. Anything that does not fall into one of these four modes is considered to be in the
cruising modeThe program was also able to calculttal trip emissions.Figure2 shows the

average emission rates for each driving mode. The averages were taken for all vehicles and all
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trips. The cold start mode includes all thetivity that took place during the cold start. Some

vehicles wee driven during the cold stgrey, et al., 2002)
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Figure 2. Average emission rate for each mode over all trips in dataset (Frey, et al., 2002)

The cold startmission rate is the highest for HC emissions. For CO emissions, the cold start mode

has the highest mean rate, but it is not statistically significantly different from the acceleration rate.

The confidence intervals for the two modes also overlap for NiSs@ns.

The amount of time spent in each mode was also examined. After averaging all of the trips,

it was found that cold starts account for about five percent of the trip time but for about 10% to

15% of NO, CO, and C£emissions ath more than 20% of HEmissiongFrey, et al., 2002)
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COMPARING EMISSIONS FOR DIFFERENT DRIVIN G MODES

Frey, et al.(2003 developed a study design procedure to measure emissions using PEMS for
vehicles fueled by gasoline and E85 (a blend of 85% ethanol and 15% gasolinegtudiis
focused-wald hotsrt edli | i zed operation on signali ze
2003) The procedure they developed allowed them to quantify certain aspects ofeintke
variability in hotstabilized emissions. The study aime@s$tablish modal emissions rates for idle,
acceleration, cruise, and deceleration. The authors also present a statistical method for comparing
emissions of different drivers. The authors emphasize the importance of on board data because it
accounts for theariability encountered in real life driving cycles.

The authors mention that the typical approach for estimating emissions used in models
such as MOBILE5b, MOBILE6, EMFAC7, Mobile Emission Assessment System for Urban and
Regional Evaluation, and the Corepensive Modal Emissions Model is dynamometer testing.
The emissions data for these models are calculated from average emissions totals per mile over
standardized driving cycles.The more recent U.S. EPA MOVES model is also based on
dynamometer data, bin this model 1 Hz data are used to estimate -Y¥4&&ed operating mode
bin modal emission rates, thereby enabling estimation of cycle average emission rates for any user
specified driving cycle.

This study used the OEI1100 PEMS for data collectidifrrey, et al., 2003) This PEMS
includestwo five-gas analyzerin parallel Eachfive-gas analyzer measures the volurato of
CO, CQ, HC, NO, and oxygen (#p in the vehicle exhaust. Simultaneousgn onrboard
diagnostic (OBD) scan tool is used to record selected ECU data via the OBD intdrtaee

vehicle The OEM 2100 collects the following parameters: manifold absolute pressure, vehicle
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speed, engine speed (revolutions/min), intake air temperataolant temperature, intake mass
airflow, percent of wide open throttle, and open/closed loop flag.

The main goal of this particular study was tmantify variability in emissions
measuremeni$rey, et al 2003) The design of the study used a small amount of vehicles, drivers,
and routes for selected times of the day. There were two primary drivers, who each drove the two
primary vehicles on two primary corridors. Most of the data was collected with the twayrima
drivers driving the same two vehicles on the same two routes to characterizeeméle
variability and to compare emissions between drivers. There was also a smaller amount of data
collected with secondary vehicles and an additional corridor. Teesendary vehicles were
driven by the two primary drivers as well as a few other drivers. The purpose of the secondary
vehicles and drivers was to assess the strength of the data analysis methodology when applied to
different vehicles and driver@zrey, & al., 2003)

Figure 3 shows an example of the speed, emissaies of selected pollutantsand fuel
consumption plotted against time. For thiampe, results are reported based on 14 minutes of
travel on ararterial corridor, during whichpeed ranged from 0 to 45 mi/h, and the average speed
was about 10 mi/h. The spikes in the graph show that peak emissions rates occur over a very small
periods of time. The largest emissions rates coincide with the acceleration from 0 to 40 mi/h, as
the vehicle clears an intersection. Most of the spikes in emissiasc@ncide with accelerations
(Frey, et al., 2003)

The CO, HC, and NO emissions rates are \v@myfbr the first 10 minutes, while the vehicle
is in stopandgo traffic and does not exceed 20 mi/h. The rates are much higher during the high

speed portion of the trip, in which there is also a lot of variation in speed. The HC and CO rates
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are very simar to each other. The peaks occur at about the same times, especially fet & fir
minutes(Frey, et al., 2003)

Thetrend inCO; emissionand fuel consumption rates are similar to each pthieich is
expected since most of the carbon in the fuednstted as C@ The peaks for CHand fuel
consumption occur at similar times to those of HC, CO, and NO emissions, during acceleration

and higher speeds.
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Figure 3. Time traces of vehicle speed, emission rates, and fuel consurptfor a 1999 Ford
Taurus driven on Chapel Hill Road on August 29, 2000 (Frey, et al., 2003)
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The results shown iRigure 3 are similar to those of mgrother trips in the study. The graphs
show that short term events contribute a significant amount to the total emissions in a trip.
Identifying such short term events is a precursor to developing strategies to reduce the frequency
of such events whichniturn, would reduce overall emissiqifsey, et al., 2003)

An example of variability in measured data and implications for estimation of a mean
emission rate is shown in Figure Bhe data in the figure are based dn@amade 141 times ugj
a 1999 Fad Taurus.Figure4 shows an empirical cumulative distribution function of the average
CO emissions for acceleration mode for each of the 141 trips. The average CO emission rate for
acceleration mode varies frabnmg/s to 400 mg/s across the 141 trips. The average for all of the

trips is 44 mg/s. The 95% codénce interval is 3&g/s to55 mg/s(Frey, et al., 2003)
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Figure 4. ECDF of CO emissions rates in acceleration mode based orl1#ps (Frey, et al.,
2003)
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Figure5 shows the average modal rates for the different pollutants for the 141 trips by the 1999
Ford Taurus. The 95%pafidence intervals are also show#or a given pollutant, the modal means

for each driving mode are significantly different from each othEne mean rates for all four
pollutants decrease in order from acceleration to cruise to deceleration(teréglest al., 2003)

Similar results were found when tests were conducted on nine other vehicles. The average
emission rate corresponding to acceleration mode was the highest for every vehicle and every
pollutant. Cruise mode had the second highest ratallfeases. Deceleration and idle were the
third highest and lowest rates, respectively, in almost all cases. The authors contesttetbt
determine if the modal rates were statistically different from each other. Out of 264 possible
combinations, 247 of them (94%) were statistically significantly differBime.definitions of the

driving modes are useful in portraying the variapitit different drivingstyles(Frey, et al., 2003)

Figure 5. Average model emission rates for 141 trips by a 1999 Ford Taurus (Frey, et al.,
2003)
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