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SUMMARY

In 2009, Cobb County School District (CCSD) andfgé Institute of
Technology (Georgia Tech) received a competitiviefal grant to implement an idle and
tailpipe emission reduction program in the CCSD fbeest. The project is designed to
reduce school bus idling by installing GPS and da#&ection systems in the bus,
providing bus dispatchers with a web system tdktkeathicle activity and idling in real-
time, and to automatically shut off the engine witda thresholds at specific locations
are exceeded. A team of Georgia Tech researcherplementing the anti-idle program
and estimating the emissions and fuel savings trenproject using approved modeling
methods. This thesis presents the results ofrtieseon modeling process, as well as an
analysis of baseline school bus idling activity.

EPA’'s MOVES mobile source emission model was useatkvelop emission
rates for school buses for each operating mode;hwdnie defined by the instantaneous
vehicle speed, acceleration and scaled tractiveepowocal data for Cobb County and
Atlanta were collected and input into the MOVES mlodTlhe pollutants modeled
include carbon dioxide, carbon monoxide, parti@ifagatter (coarse and fine), oxides of
nitrogen, and gaseous hydrocarbons. The vehithatgaata collected through the GPS
and communications equipment installed in the buse classified into the operating
mode bins for each second of recorded data, antlpired by the corresponding
emission rate to determine the total modal emissb®iore and after project
implementation. Preliminary results suggest thatisands of gallons of diesel fuel and
thousands of dollars can be saved with the projegoving overall fleet fuel efficiency

by 2%, as well as reducing emissions in some cat=gby as much as 49%.
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CHAPTER 1

INTRODUCTION

1.1 Emissions and Idling of School Buses

Every day, nearly half a million school buses gawer 24 million children to
school. Most buses are powered by diesel engivagpollute the air around them as
well as inside the bus. Particulate matter (PMides of nitrogen (N¢Q), and carbon
monoxide levels can build inside the buses durpeyation when ventilation is not
optimal. The pollution level inside the bus caralsemuch as five times higher than the
outside air (Environmental Defense Fund, 2006)de®buses tend to emit more than
newer buses. EPA’s new vehicle certification sgadd and natural vehicle fleet turnover
due to retirement of older vehicles leads to highténg vehicles being replaced with
cleaner new vehicles. Many school bus operatansrat the country are also pushing to
retrofit older, higher polluting buses with emissi@duction devices such as tailpipe and
crankcase filters. Breathing diesel exhaust fume®ases the risk of cancer, heart and
lung disease, asthma, and allergies (especiatiizildren). Hence, there is a natural
desire on the part of school districts to clearthgir fleets.

Emission rates of heavy-duty diesel vehicles (HBD&re known to vary as a
function of a number of different factors, inclugiambient weather condition, engine
maintenance condition, vehicle age, engine warrstaus (cold-start or hot-starts), and
most importantly, operating mode. The operatinglenof a HDDV or school bus
depends on the vehicle’s speed, acceleration,gaatke, accessory use, drag and rolling
resistance, and ambient conditions. A common nreasied is engine power in braking
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horsepower (bhp). For most pollutants, a vehiplerating at high speed and a heavy
engine load, such as hard acceleration on an uphitle, produces an emission rate that
is much higher than cruising down a hill.

Idling activity emits CO, VOCs, N(and diesel particulate matter, sometimes at a
higher rate than during general operation. Mdgtgds preventable and unnecessary;
creating pollution that could be avoided througdle iiéduction measures. Thirty seconds
of idling can use more fuel than turning off theyee and restarting, debunking the
common myth that it is better to keep the engimming than to shut off and restart it
later (EPA, 2011). “Idling gets you nowhere” ditdling = 0 MPG” are catch-phrases
that have been used in idle-reduction programs.

The purpose of school buses is to transport @nldo and from school and other
locations; once that purpose is served, continangthe operation is needless, wastes fuel
and money, and produces emissions. One houringititpically burns 0.5 — 1.0 gallons
of fuel across a range of ambient weather condit{étearne, 2003). Idling for 10
minutes uses as much fuel as traveling five mitg34, 2011). One gallon of fuel
produces about 20 pounds of £@ major contributor to climate change. A galldriue|
weighs about 6 pounds, but when burned and combiitecdbxygen from the
atmosphere, the heavier molecules add about 14dgdorthe total weight.

School buses idle in the morning and afternoomsree¢he scheduled bus routes
begin, waiting at schools, maintenance yards, pgrkits, and other locations. The
causes of idling include cabin temperature cor{treating), concerns about restarting the
bus, lack of driver education, convenience, ansbime cases, misinformation and

instructions to idle the bus when stopped. Teclesqiming to reduce school bus idling



and emissions include: idle reduction policies|-teae vehicle tracking, retrofitting
vehicles with a range of emission control techn@egand replacing older, higher-
emitting buses with new buses that follow morengient EPA emission regulations.

Idle reduction retrofit options include auxiligopwer units (APUSs), direct fired
heaters, and automatic engine shut-down. Emissiatrol options include diesel
particulate filters (DPF), partial flow-throughtéks, crankcase filters, and diesel
oxidation catalysts (DOC). Schoolbusfleet.com cateld an interview with four
companies about the emission control products dfffiey. Cleaire Advanced Emission
Controls DPFs are verified by CARB to reduce emissimore than 85% (CARB, 2011).
While DPFs reduce emissions more than the othant#ogies, they have more
restrictive operating parameters and require maartee on intervals periods. Some
hybrid systems regenerate automatically, but adirbstplugged in for cleaning (Roher,
2011). Given the wide range of operating paramebeperienced by school buses, and
the variety of idle and emission reduction techgae available, estimating the emission

savings for a proposed project becomes necessdsteéamine project effectiveness.

1.2 Current Emissions Modeling for School Buses
There are no studies identified in the literatendew that modeled school bus
emissions using the distribution of operating mod&dew studies performed in-use and
laboratory emission rate tests (J.S. Kinsey, 208égarne, 2003), (TTI, 2006), but no
mobile-source emission models such as EPA’'s MOV&® Ibeen used to estimate the
emissions of a school bus fleet using GPS vehudieity data nor to evaluate the
feasibility and effectiveness of a proposed potihgnge or implementations, such as

automatic engine shut-off and idle reduction sg@® Some studies have used



MOBILESG to estimate the emissions, but the ratesbaised on synthetic drive cycles and
are generally reported in terms of an overall ayergram per mile, based upon the
characteristics of each roadway link. Performegpkatory emission testing under
controlled conditions for a large sample of busas lze cost-prohibitive, so modeling
using approved emission rate models is the geapmabach taken in policy analyses.
Therefore this thesis will use monitored vehicléwy data coupled with emission rates
from the approved MOVES model to estimate changesnissions the vehicle fleet due

to idle-reduction.

1.3 Research Approach and Objective

The purpose of the study is to instrument the C@&& with GPS units and
telematics, collect baseline idle data, and esemaductions in fuel use and emissions
expected to result from the idle control prograrved the wealth of vehicle activity data
available to a portion of school bus operators,amamn be done to understand the
temporal and spatial characteristics of idling\attj since so little information about
even the duration of idling exists.

The first objective of this research is to quansi€hool bus idling for the Cobb
County School District (CCSD) bus fleet. Becausé&mown analysis of local school bus
idling existed, further detail on when, where, &odv much buses idle is important to
learn to focus the idle reduction strategies. Vlehactivity data are collected from in-use
CCSD buses using GPS units and an idle detectioniti

Another objective of this study is to develop @iem-mode based emission rates
that are applicable to an entire year and bus, fee®t then apply those emission rates to

GPS in-use second-by-second vehicle operationgrtacestimate total annual emissions.



After calculating the baseline emission estimattes implementation of idle reduction
strategies is then modeled to assess the emissibfual savings possible for the project.
Special focus will be paid to the idle emissioresatas the goal of the sponsoring project
is to reduce the emission and fuel consumptionezhby school bus idling. The
MOVES project-level emission modeling process idus developing applicable
emission rates, as MOVES is the latest nationgliyraved mobile source emission
modeling software. Local data relating to the gcbjrea (e.g., fuel type, ambient
temperature, etc.) are used to help ensure thécappity of the modeled emission rates.
The emission rates from MOVES will be comparedrtossion rates developed in other
studies for school buses and HDDVs and differeacesliscussed. Post-processing the
vehicle activity data with operating-mode basedssion rates is expected to
significantly increase the accuracy of the emisssiimates because there the modeling
no longer relies upon the model’s internal driveleg, which are not representative of

school bus operation.

1.4 Thesis Organization

The thesis is organized as follows: Chapter 2 kthee operational
characteristics of school buses, as well as a grojeerview of the idle-reduction
strategies being implemented for the Cobb Counho8IcDistrict. Chapter 3 covers the
equipment overview, development, construction aittesion, and the testing of the idle-
reduction and tracking telematics systems. Chaptavers the idle event definition used
in this study, and details the data collectioncpssing, and methodology of idling
analysis. Chapter 4 and continues with the analtesults for idling and discusses the

factors affecting idle duration. All vehicle adgtiwdata is verified and summarized in



Chapter 4 as well. Chapter 5 begins with a revieauarent emission modeling
methodologies for school buses, and follows witloaerview of the emissions modeling
performed in this report. Detailed information abthe inputs collected and used in the
MOVES model is presented in Chapter 5. The ladi@eof the chapter presents the
emission rates developed from the MOVES model, elkag the estimated rates from
EPA’s Diesel Emission Quantifier, which is usedaderal grant proposal comparative
evaluation and project selection. Chapter 6 rspbe estimated emission and fuel
savings from idle control. The total emission cohsicenarios are developed and
compared to assess the expected emission reduassaosiated with project execution.
The final chapter provides a summary of the findingthe study and opportunities for
further research as it relates to the discussgégirand for the school bus emission
modeling and idle analysis as it applies to juggdns and municipalities across the

country.



CHAPTER 2

PROJECT OVERVIEW AND BACKGROUND

2.1 Operating Characteristics of School Buses

School bus drivers begin their shift with a pright check of their buses. The
engine is started and the driver inspects all igimd warning systems. Once the check is
complete, the driver generally leaves the yard@modeeds to a bus staging area where
the bus will wait until it is time to start pickingp children on their first route of the day.
School buses then serve their routes, picking ugestts along each route, and dropping
the children off at school. Some buses will sengre than one morning route depending
upon school start times. For example, an elemgstdrool route may be followed by an
intermediate school or high school route. MostEsugturn to their garage after the
morning shift is complete. The afternoon operatiaiudes traveling to the school and
waiting for dismissal of students, loading the dteh, and then serving outbound routes
(which often differ from inbound routes) to drogeth off (again sometimes a second
route for another school is also served). Upongietion of the afternoon shift, buses
generally return to the maintenance yards.

School trips are characterized by a large amolgéweral idling because both
private vehicles and school buses have to stopeit dr unload children. Most extended
idling occurs around the arrival and dismissal 8ra or near school grounds. For
private vehicles, a longer and more variable iofieetis experienced in the afternoon,
leading to more congestion in the around scho@safEallmark, Isebrands, & Liu,

2007). The Hallmark, et al. study goes into digant detail about the waiting time and
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idling of private vehicles, which now constituteseo50% of all trips to school, but does
not provide a similar analysis of school bus idliBghool buses sometimes experience
additional idling due to the presence of light-duéhicle congestion near schools.

The average amount of idling performed by eachgauslay, is still largely
unknown and likely a function of local operatinghddions and policies. This study will
assess the amount of idling undertaken in the C@&Dand provide a framework of
analysis that can be used in other jurisdicticgBsnpler emission models such as DEQ,
MOBILE6 and MOVES defaults can be updated with nmewreurate values after applying

a similar analysis to school bus fleets acrossiton.

2.1.1School Bus Idling Operation Overview

Buses generally idle in the morning before stativedr route to pick up students,
as well as in the afternoon, waiting at the sclioothe dismissal of students. The
reasons for idling vary, but as reported throughier survey for transit buses, not all
drivers understand the concerns related to busgdIA recent study based on EPA’s
myths about idling asked Chicago Transit Authobit\s operators whether four
statements were true, false, or unknown. All efshkatements were false. 69% of
respondents believe (answered true) that a lomggigeriod is required for engine warm-
up, especially in cold weather. Additionally, 4@lieve that it's better for an engine to
idle than to run continuously, that idling is nesaay to keep the cabin comfortable, and
that it is better to leave the engine idling omyolver because shutting it off and
restarting produces more pollution. Including @ggents who did not know the correct
answer, the percent that answered the last threstiqus incorrectly jumps to 53-60%

(Ziring & Sriraj, 2010).



A confidential survey given to school bus drivetdlined a few key features that
again call for better education of drivers and iegroom for improvement on the idle
reduction front: 70% of bus drivers were interdstelearning simple ways to improve
air quality yin school zones, and 78% believed thast air pollution is from cars, truck,
and bus exhaust (Hoelscher, 2010). Approximat8®s ®f surveyed drivers in Brazos
County, Texas believed that air pollution is biggasvironmental problem in the region.
Unfortunately, the results from the questions gigng idling were not provided
(Hoelscher, 2010).

The knowledge of school bus operators is a funaticthe management and
education relating to idling policies, but it cam #issumed that additional education on
the subject would benefit all parties involved. eTAimerican Transportation Research
Institute compiled idling regulations from arourne tcountry. The limits on idling in
most states is 5 minutes, but range from zero ragim South Euclid, Ohio to 15 minutes
in the City of Atlanta, Georgia, to 20 minutes iaiV Colorado (ATRI, 2011). Fines are
as high as $500 per offense in Atlanta and a rah§875 - $15,000 in New York for a
first offense. New York City also includes a segarndling max of 1 minute, if the
vehicle is adjacent to a public school (ATRI, 2Q1Ggorgia Environmental Protection
Division (EPD) has regulations for idling matchithgpse of California’s, and the Georgia
Department of Education has guidelines on elimimatinnecessary idling (Georgia
DOE, 2009).

The amount of pollution inside the bus has beerfdhus of a number of studies,
summarized by Environmental Defense (2006). Thtofa that affect the phenomenon

include wind speed and direction, open/closed wivej@and the age and condition of the



bus and engine. Two sources contribute to thepsdiifition of the bus: the engine
crankcase and the exhaust pipe. On most diesglemighe crankcase is vented to the
air, resulting in emissions of engine oil, unburmeel and exhaust gases that leak
through the piston rings. The exhaust pipe gelyecahtributes 75-90% of the total
particulate emissions from the bus. Ultrafine iglas, less than one micrometre, black
carbon and polycyclic aromatic hydrocarbons (PAlibhsas naphthalene come from the
exhaust pipe and the majority of PMmass (less than 2.5 microns in aerodynamic
diameter)comes from the crankcase (Environment&ide, 2006). A study completed
at Yale demonstrated the up to five times highdilupon levels inside a bus by
equipping children’s backpacks with monitors ptimrduring, and after their trips to

school, shown in Figure 2.1.
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Figure 2.1: PMyp Levels from Child's Backpack during Bus Ride

Figure 2.1 illustrates the risk children face whieling in buses that have not
been retrofitted with emission reduction technadsgor controls. Unnecessary idling

periods add to their exposure. The self-pollugffiect of school buses has been
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relatively widely researched in comparison withaabus emission rate modeling.
Other relevant health-impact studies include ({iSsey, 2007), (Fitz, Winer, & Colome,

2003), (Ireson, et al., 2011), (Ireson, et al.,£0ihd (Marshall & Behrentz, 2005).

2.1.2Current Idling Estimation for School Buses

The default amount of yearly idling used in thegxl Emission Quantifier (DEQ)
online tool is 270 idling hours per year, basedrugi® Clean School Bus USA Program.
The DEQ is the USEPA online emissions quantificapoogram used by grant applicants
to quantify potential emission reductions from heduty vehicle fleets associated with
proposed emissions control strategies. AssumiigstBool days each year, the DEQ
default is approximately 1.5 hours per bus per sctay. Dalily idle estimates for school
buses reported in the literature are based on gsiMegeneral expert estimates, rather
than from detailed vehicle and engine operatingnés: Although not many studies have
been conducted to determine an accurate idling ammost jurisdictions and agencies
recognize that idling is a problem.

One study on motor coach buses in historic distfi®Vashington D.C. found that
the median idle time per event was 11 minutes hae@verage was 16 minutes per bus.
Idle amounts varied by temperature ranges as wdtiation. Each location averaged
15-22 minutes per idle event, but numerous caseliof§ over one hour were observed
(EPA, 2006). The operation of motor coaches iy @dferent from school buses, so
these estimates are not to be used when estinstiapl bus idle times; the idle
estimates are provided as one of the very fewgdtndies on any type of bus. The
policy in D.C. is 3 minutes maximum idling timendnutes if the temperature is below

32°F, with an initial fine of $500, doubling afteach violation (ATRI, 2011).
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A program established in the Choctaw-Nicoma PaiiiP School system in
Oklahoma used GPS tracking and mobile data trasgmnigor testing the effectiveness
of an idle reduction policy. Anderson and Glensr(009) installed GPS devices on 14
of the fleet’s 45 buses, which ranged in model yean 1999-2007. The Oklahoma
study and other studies reported in the literatiiaé are based upon GPS monitoring data
base idling on key-on while the vehicle remainsictary. The percentage of time that
bus drivers use only accessory power without rumttie engine is needed to refine these
analyses. The total idling operating time for ebak was summed over the 10 months
recorded (excluding summer) and divided by the d8®ol days to get an average idle
time per bus per day. Baseline data were colléat@®07 and 2008 data were collected
after implementing the 5-minute idling policy. Tpest-implementation average idle
time was estimated to be 23.7 minutes per busgeradreduction from a one- hour idle
time per day baseline estimate. The baseline estiofadling was based on driver and
school employee interviews. One bus averagedjd& minutes per day, judiciously
following the no-idle rule, while the highest idl@veraged 30.7 minutes per day. Based
on the measured increase in fuel economy fromo/&% mpg, the idling policy saved
nearly 5,000 gallons of diesel in 2008 for the 14ds, an average of 355 gallons per bus.
The study used EPA’s DEQ to estimate emission teaghgof 8.5 tons of C£ 0.0066

tons of PM, and 0.22 tons of NQAnderson & Glencross, 2009).

2.1.3Current Emissions Reduction Strategies for School i&ses
In 2007, EPA tightened the certification standdoishew heavy-duty diesel
engines to 0.2 g/bhp-hr for NOx, 0.01 g/bhp-hrRBdf, and 0.14 g/bhp-hr for non-

methane hydrocarbons (EPA, 2011). A number ofrteldyies have emerged to help
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meet these more stringent standards, to go alotigultra-low sulfur diesel (ULSD),
which must meet a sulfur content limit of 15 ppmess. Diesel PM mass is composed
mostly of a carbon core, with metals, toxics, HQJ aulfates absorbed on the surface,

shown in Figure 2.2.
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Figure 2.2: A Diesel Particulate (M.J. Bradley andAssociates, Inc., 2006)

Some of the physical implementation options taiceddling include direct fired
heaters, auxiliary power units (APUs), and autoonatigine shut-down. Direct fired
heaters are small, lightweight diesel units thatloa used for heating the cab of a truck
or bus. Direct-fired heaters generally cost betw&@00 and $1,200 per unit. The goal is
to reduce main engine idling by supplying a secondasel heater to provide heating in
the truck cab. The estimated reductions for difieetl heaters are reported as 6% fuel
savings with 1,200 hours of idling per year (IndiddbEM). The benefits from direct
fired heating systems are predominantly associattdextended idling or ‘hoteling’ of
traditional long-haul trucking operations, and nmay be applicable to school buses.

Auxiliary power units (APUs) are small diesel poe@igenerators (5 to 10 horsepower)
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mounted on the vehicle to provide air conditioningat, and electrical power to run
appliances for an estimated cost of $6,000 - $8,@0@liana DEM). Automatic engine
shut down/start up can be used to track vehicigigcand stop any unnecessary idling.
An automatic engine shut down/start up system otsthe engine start and stop based
on a set time period or ambient temperature, aner @arameters (e.g., battery charge).
For trucks, these devices are available from sdntleeoengine manufacturers with an
estimated cost of $900 - $1,200 per unit. Anyhefse devices can be installed to reduce
the idling and subsequent fuel consumption and gams.

Closed crankcase ventilation (CCV) systems caindtalled to reroute blow-by
exhaust gases, which previously were vented tatimesphere, back into the combustion
chamber of the engine, thereby burning more ohtirenful pollutants. Positive
crankcase ventilation (PCV) was one of the earbesission control strategies for LDVSs,
with national application beginning in 1962. Agatnankcase emissions can constitute
up to 25% of total emissions, so installing theselaler buses is critical to effectively
managing diesel emissions (Cummins, 2011). Mosésuanufactured after 2003 have
CCV systems installed by the original manufacturer.

DOCs are a fairly maintenance-free retrofit devted works mainly to reduce
PM by providing a catalytic surface that the exh@as passes through. The substrate
has metals that oxidize HC and CO to£&@d HO. DOCs can reduce particulate
emissions up to 40% using ULSD. DOCs also redu@esfissions by 80% and HC by
80% (M.J. Bradley and Associates, Inc., 2006). @iméssion reduction estimates are
supported by a number of studies by Brown and Ritjégttleson, Ayala, and Gautam

(see Torrie Smith article) as well as CARB verifica. The DOC lifespan typically
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ranges from 7-15 years or 100,000 to 150,000 mittmwvever, DOCs are not effective at
reducing NQ emissions. The C{Qyenerated in the process is very small comparéukto
primary fuel combustion. DOCs generally cost $0,082,000 when purchased in bulk
(Torrie Smith Associates, Inc., 2005)

High performance DOCs can achieve PM reduction® y®%. The denser
substrate, made of a unique blend of stainlest ataged with catalysts, is more efficient
at oxidizing the particles while the engine isndgliat low temperature than is a standard
DOC. A temperature above 300°C must be maintdimethe oxidation process to
occur, and this temperature may not be providethduong idle operation (M.J. Bradley
and Associates, Inc., 2006). Flow through filtaira to remedy this problem by
increasing the thermal mass density, thereby rieimeat longer.

Diesel particulate filters (DPFs) physically captdiesel carbon particles and
oxidize them to C@ The honeycomb ceramic substrate blocks off eatitso that
exhaust must pass through a porous filter wallin&®PFs include catalyzing metals for
oxidization, similar to DOC, and some have actix&lation systems. Deposited
particulates must be oxidized, or burned off ared@PF requires consistent high
temperatures for regeneration, otherwise they rt@y. dGenerally, the exhaust
temperature must be above 260°F for 30% of operdtioconsistent reservation. Sulfur
interferes with the processes used in DPF, so UisSBquired for their operation (Torrie
Smith Associates, Inc., 2005). DPF can achievaatsahs of 80% for PM, HC and CO
(M.J. Bradley and Associates, Inc., 2006). DPFsius combination with crankcase
filtration nearly eliminate all measurable partiel@issions, including ultrafines, black

carbon, PAH, and Pp4 (Environmental Defense, 2006). Exhaust pipe atsah is
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available as a supplemental technology to keepwsthamperatures high for proper
oxidation in DOCs and DPFs.

Emission testing can be conducted using a vaoktychnologies. Remote
sensing devices (RSD) can be used to collect so&épshemission data as the vehicle
passes the device on the roadway. The RSD momikdrgust plume concentration ratios
as the bus passes by a fixed location. The teogg@mploys infrared and ultraviolet
light beams across the emission plume and recbedeetative reduction in light by
frequency. RSD technologies can also use a staaélength light opacity to assess the
fine PM concentrations. A more commonly used sysgethe portable emissions
monitoring systems (PEMS). A PEMS device contiralpuecords emission data at one-
second intervals using onboard sensors. The aduded is that buses can be studied
while in-use rather than just in a laboratory origlg dynamometer tests. PEMS testing
also usually includes GPS tracking, and engine caenpnonitors to obtain real-time
engine operating parameters. The g/bhp-hr emisaies are derived from instantaneous
pollutant concentration, exhaust mass flow, andrenigpad or fuel use (M.J. Bradley and
Associates, Inc., 2006). The SEMTECH-D PEMS makes used in the emission rate

evaluation in New Jersey and in the TTIl and Heatodies examined in section 5.4.2.

2.2 Cobb County School District Project Details
Air pollution is a serious concern in the metrotam Atlanta region. Stationary
emission sources have been subjected to moreetitinggulations and standards, but a
significant portion (54%) of pollution is producbkg the mobile-sources, including
school buses (GRTA, 2001). On average, each pérsathes over 3,000 gallons of air

every day, and polluted air can trigger problemgte 30 million Americans that have
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been diagnosed with asthma (Georgia's Clean Acds@011). Compliance with EPA
established pollution levels has been a concerrettien, leading to the formation of
organizations such as The Clean Air Campaign ir6199

Cobb County School District (CCSD) and GeorgiahiTapplied to EPA for an
emission reduction project in 2009. The purposthefstudy is to implement emission
reduction strategies within the CCSD school bustftey adding diesel particulate filters
and engine startup/shutoff idle control systembke project was also designed to collect
the data necessary to quantify changes in engiimg idnd fuel consumption, and to
model the emission reductions of the project ustagdard EPA-approved modeling
methods. Engine shut-off technologies are oneRA’E verified diesel engine emission
reduction strategies, but are not commonly useddbool buses in the south.

Approximately 480 Cobb County School District baisee currently being
outfitted with GPS tracking, idle detection cirayjiand cellular communication systems
for the purpose of this study. Baseline data ¢éingdand vehicle operation are currently
being collected, and will continue until the nekiage of the project begins in the fall. A
comprehensive tracking and driver warning systethbeiused to reduce idling of the
buses, especially in designated no-idle zonesutdré deliverable of the project is to
install engine shut-off circuits and quantify aduslital emission reductions over the
baseline scenario. The idle detection circuitsnaa@ufactured by Georgia Tech, and the
engine shut-off components will be professionalnufactured. After configuring and
testing all of the combination installation unighfch consist of GPS unit, GPS/cell
antenna, and idle detection circuit), they werévaetéd to CCSD for installation by their

mechanics.
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2.2.1Funding

Funding for the project was derived from the 2@8eral stimulus American
Recovery and Reinvestment Act (ARRA). ARRA incldd800 million to support clean
diesel activities through the Diesel Emission ReéidacAct (DERA) program. $156
million was competitively awarded for emission retion projects through the national
program, and the Southeast Diesel Collaborativd(SEeceived about $18 million for
these programs. After being ranked highly on tiigai application in 2009, the project
was passed-over for geographic diversity. Howeugding was received in 2010 after

another project did not proceed.

2.2.2CCSD School and Fleet Information

Cobb County is large, suburban, county with a jetpan of nearly 700,000 to the
northwest of Atlanta and is counted in most metlitgno area classifications. CCSD is
composed of 114 schools and serves nearly 97,080@lmible students. The locations
of the 114 schools are shown in Figure 2.3. Thg @iMarietta operates its own school
district and fleet, but the city is in the geogrigphcenter of the county.

The District operates approximately 180 schookdagr year. However, the 114
schools operate on different schedules. Most aiéang schools in CCSD start at 7:50
am and end at 2:20 pm. All middle schools in CGfperate from 9:15 am to 4:15 pm.
All high schools in CCSD operate from 8:25 am t853pm. The schedule is important
when examining idle activity by location and tinfeday. Some buses serve more than
one school. For example, a bus may transport eiamestudents and then transport

high school students in the morning, given theetfdarting times. Hence, analysis of
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idle time by bus can be a bit complex. Buses n@asemore or less opportunity to
undergo extended idling depending upon their sersahedule.

CCSD operates a fleet of approximately 1,150 husbkih is approximately 8%
of Georgia’s 15,263 school bus fleet. CCSD rarktha 1 largest school bus fleet and
27" largest bus fleet in the United States. The fieebmposed of 869 conventional
buses, and 281 special needs buses. CCSD emplpsesxanately 950 bus drivers (not
all buses are used on every day).

The District serves more than 21,000 bus sto883rroutes per day and travels
about 12.6 million miles per year. The fleet agesaapproximately 61 miles per bus per
school day and consumes nearly 1.9 million gallafriew sulfur diesel fuel (maximum
sulfur content of 15 ppm) per year. The averagly daiieage includes all field trips and
special events. On average, each bus consumealftisgof diesel fuel per bus per

school day, for an average fuel efficiency of ab@utmpg.
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The School District maintains and operates itebumit of four different fleet
maintenance yards, geographically spaced througheutounty to place buses closer to
their primary service area. Each maintenance sardes as a home base for inspection,
fueling, maintenance, and storage of buses whesoschout. The main fleet
maintenance yard is located on South Cobb Driwdanetta, near Dobbins Air Force
Base and next to Southern Polytechnic State Untyer$he other yards are located on
Baker Road and Mars Hill Road in Acworth, and Sasdad in Austell near Powder
Springs. The locations are shown in Figure 2.4hBard manages more than 250 buses.
Buses are parked in long rows (Figure 2.5) suchahéuses and engine compartments

are accessible.
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Figure 2.5: South Cobb Bus Shop / Fleet Maintenancéard

2.2.3Cobb County School District Bus Fleet Instrumentaton

The project includes the instrumentation of apprately 480 buses with
onboard GPS/cellular systems. The 385 large budbe project fleet range in model
years 1998-2006, with about half of those busesdogiodel year 1999 or 2003. One
hundred and eight buses will be outfitted with dlexidation catalysts. The small buses
in the study also range in model year from 19986200CSD purchased from a number
of different manufacturers of buses, including Arcen Transportation Corporation
(AmTran), Integrated Coach Bus (IC Bus), ThomadtBand Blue Bird Corporation.
Table 2.1 and Table 2.2 show the breakdown of nummbstudied buses in terms of

model years, body, and engine families.
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Table 2.1: Large School Buses

1998 AmTran VNV444C8DARW
96 1999 AmTran XNVXHO0444ANA X
50 2000 AmTran YWVNX0444ACD
18 2001 AmTran 1NVXHO0444ACD
26 2002 IC 1NVXHO0444ACD
85 2003 Thomas 3MBXH6.37DJC X
28 2004 IC 3NVXHO444ACD
52 2006 IC 6NVXHO365AEC

Table 2.2: Small School Buses

1998 Bluebird VNV444C8DARW
3 1998 Thomas VNV444C8DARW X
12 1999 Bluebird WNVXH0444FNA X
3 1999 Thomas WNVXH0444FNA X
6 2000 Bluebird YNVXH0444ACD
6 2000 Thomas YNVXHO0444ACD
6 2002 IC 1NVXHO0444ACD
85 2003 Thomas 3MBXH6.37DJC X
6 2004 Thomas 3MBXH86.37DJC
6 2006 IC 6NVXHO365AEC

2.2.4Cobb County Idling Policy

CCSDrs idling policy can be found on their website

(http://www.cobbk12.org/centraloffice/transportatimlepolicy.aspx) and includes

definitions for no idling zones. The no-idling aminclude the morning delivery and the

afternoon pickup in school loading and unloadirepar and field and athletic trip
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destinations. Drivers are instructed to shutloit engine as soon as stopping, and leave
their radio on for communication. For afternooalpips, drivers are not supposed to
restart the bus until after all children are onbcand ready to depart. If the weather is
cold, bus drivers are directed to congregate onboiseand idle to keep it warm, as far
away from the school as possible. Given the healtiterns associated with potential
exhaust buildup in the idling bus, a better choagy be to have bus drivers move inside
the school to a waiting area during cold weattignivers are told to inspect the bus in
less than ‘8 to 10’ minutes. Exceptions to theimining idling policy include for de-
icing the windshield, or to thaw air brake linddling is allowed for temperatures below
32°F to provide adequate heat, also for tempembeve 75°F (although none of the
large buses are equipped with air conditioningdwering windows is recommended to
reduce the need for idling in warm weather. A@templetion of this study,
recommendations for modification will be made toSITto update their idling policy
accordingly. Special sections will be includedhaéspect to operation of the automatic

engine shut-off elements.

2.2.51dle Reduction Strategy

The project procured through EPA and ARRA fundimguded the installation of
diesel oxidation catalysts, which have since begtaced with closed crankcase filters.
These units are procured and installed by CCSD aamaot the main focus of the
Georgia Tech research team. Emission reductiomass for these systems are
provided as part of the project, but those estimate not included in this thesis.

The CCSD idle emission reduction elements of trexall project include the

installation of idle detection circuits and engsteit off units in 480 buses. The base
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GPS unit includes cellular communication elemeatsand second-by-second vehicle
position and speed data to the Georgia Tech saseavgell as data from external inputs
such as the idle-detection circuit. Because engfing-off circuits are not available off-
the-shelf and must be professionally manufactuoedhfe project, the project is divided
into two phases. In the first phase, idle monitgreircuits manufactured by the Georgia
Tech team are installed and an idle notificatioatepy is implemented. In the second
phase, engine shutoff circuits will replace the4idetection circuit and an automatic idle
shutoff strategy is implemented.

In the first idle-control phase, maximum idle titheesholds will be established
for specific anti-idle zones, such as school prgpand neighborhood parking areas, bus
yards and bus staging areas, bus stops and predoaarking locations. When idle time
exceeds the established threshold, the server agb ¢isplays the data for each bus that
is idling. The CCSD dispatcher monitoring the vpalge will then call the driver over
the radio to discuss the idle activity. Dispatshaform driver that their bus has been
idling for longer than a pre-defined time periogpftally 5-minutes) and records call
information into the online call log (including tis¢éated reason for idling). The Georgia
Tech server is capable of providing web page alplts e-mail/messaging, and daily,
weekly, monthly reports on school bus idling by busiriver. Daily idle reports for each
vehicle and summary reports for subfleets are gdeerfor fleet managers. Toward the
end of the first phase, drivers will receive trappmaterials related to the idle-detection
system and will be reminded about the importanaeadcing idle activity as it relates to

efficiency in terms of fuel consumption and hediththemselves and their students. At

25



the end of the first phase, the team will haveicieffit idle data and call log information
to quantify the impact of the idle warning systemidle activity.

In the second phase, the idle warning systembgiltombined with the automatic
engine shut-off feature when idling exceeds a sgqva-established threshold (typically
1-0 minutes) within an established anti-idle zodéspatcher warnings and call logs will
continue as before, and the server will monitorrthmber of automated shut-off events
that result. At the end of the second phase optbgect, the team will have sufficient
data to assess the marginal benefits of addingut@mated shut-off system to the
warning system (i.e. the benefits associated withtsg off engines remotely when the
driver cannot be reached by the dispatcher).

In combination with the idle reduction strategiaddlitional emission reductions
will be realized through the tailpipe emissionstcols. CCSD is installing diesel
oxidation catalysts (DOC) and crankcase filtersettuce emissions from on-road fleet
activity. The vehicle activity data can also bedifor engine load mitigation, to reduce
the amount of time bus drivers operate their busése high-emission operating modes.
Georgia Tech is monitoring hard acceleration awyh speed activity so that driver
feedback systems can be designed to reduce enggsion high engine load events.
Add-on tailpipe and crankcase controls, coupleth witgine monitoring and control of
engine idle activity will reduce pollutant conceattons where children’s exposure is

highest.

2.2.6Project Benefits
The most obvious and easily quantifiable directdfi¢ of the project will be the

savings in diesel fuel. Simply put, eliminatingnecessary idling will reduce fleet fuel
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consumption significantly, saving CCSD thousanddaifars per year. Estimations of
the actual gallon and dollar amounts of savingslaeussed in Section 6.2. Vehicle
maintenance costs are also expected to declineodeduced engine wear. CCSD
annual savings in fuel and other costs may be dntaugay for ongoing operation and
maintenance of the anti-idle system (with equiprmefreshed every 4-6 years).

The emission savings of the project are alsoectllvenefit of idle reduction and
engine load mitigation strategies. Reducing tHeipon from school buses will help the
Atlanta metropolitan area meet national ambiengaality standards.

Additional secondary project benefits include tiealth benefits from emission
reduction. These benefits are discussed in mdeel de Section 0, and a conservative
dollar estimate is placed on their value. Theestactivity information and tracking
systems can be used for route scheduling and @atiion to increase the efficiency of
the bus system, eliminating unnecessary miles ledyeeducing labor time, and further
reducing fuel consumption. Reduced crashes aveealsected because previous studies
have demonstrated that drivers tend to experieswerfcrashes when they are being
tracked on a second-by-second basis (RMT GPS TrgcRD08). Driver performance
evaluation and information feedback is tied to tigective and will be used in an effort
to minimize hard acceleration and high-engine leaenhts. With the web tracking
system, competitions could be established both ard intra-school, to vie for the
lowest daily/weekly/monthly idling by an individudtiver or an individual school for a

certain incentive or reward.
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CHAPTER 3

IDLE SYSTEM MONITORING AND SHUTOFF

3.1 Equipment Development and Overview

Each onboard system consists of a GPS, a datnirssion and receiving
antenna, and an idle detection and engine shutotfit Georgia Tech researchers
designed the idle-detection circuit as well asghtent-pending idle-shutoff circuit. The
detection circuits were constructed in-house byr@adlech staff. . The prototype
engine shutoff circuits passed the field teststaidg manufactured by a local
electronics company to Georgia Tech specifications

The GPS units employed in the project were manufad by RSN Consulting
and are typically used in trucking fleet managenagmications including theft
detection, recovery and tracking. The RSN1000susihown in Figure 3.1) were chosen
for their compact size, familiarity, reliabilityaeh unit can store up to 2,400 records
when the device is out of coverage, with the daiadautomatically transferred to the
server once communication is restored. The ulstsiaclude three on/off input lines
(for alarm inputs) and two output lines (to remgptgigger external devices). The
standard device configuration is set to record e wactivity rather than engine-on
activity. Hence, it is not possible to determineether the engine is idling or if the
operator only has the key in the on position toam®essories with the engine off.
Georgia Tech researchers deployed an idle detecitionit and developed software

algorithms to detect idle events.
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Figure 3.1: RSN1000 GPS Unit

SIM (Subscriber Identity Module) cards were ordeirem AT&T for
transmission of the information from the units &l&d in the buses to the server at
Georgia Tech. Each GPS system received a SIMagatdvas assigned a unique unit
number from 421001 to 421500. The data antenru(€&i3.2) is a dual-mode GPS
receiver and a GSM/GPRS modem, placed (generdliypeaoofs or rear taillight shroud
of each bus. GSM stands for Global System for MoBommunications and is used as
one of the communication technology standards o& RS cellular communication
network. GPRS stands for General Packet Radiac&eand is the mobile data service
for data transmission with speeds between 2G and13@ green-banded wire screws
into the GPS input on the GPS unit and the black screws into the cellular

communication port.
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Figure 3.2: GPS Antenna and GSM/GPRS Modem

3.1.1Detection Circuit

The idle detection circuit was designed by Geofigieh. The patent-pending
device has four inputs: the constant 12V bus potherswitched 12V bus ignition, the
oil pressure sensor, and a grounded wire connéataderminal on the bus. The oll
pressure sensor activates when the engine isctamteoil pressure increases above
ambient pressure. A combination of relays andstess sends a high/low pressure signal
out to one of the inputs on the GPS unit, via addad, Molex connector. Quick-connect
wires were provided for all the connections betweencircuit and the bus so that idle-
detection units could be replaced with the shutotfuits at a later date. Although the
device is called the idle-detection unit, the wedlly transmits the signal from the oil
pressure sensor. The signal is forwarded to th® Gt which transmits an on/off status
for that input to the Georgia Tech server, wheesitiput states are actually decoded to

determine the idling status.
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The power and ignition wires are connected tadhleedetection circuit with
quick connect wires on one end, while the othesemere spliced onto the proper wires
in the bus electrical box. One-amp fuses weretéata between the bus and circuit for
easy replacement. The oil pressure sensor wasaitseected to the circuit via quick-
connect wires, and to the bus via a t-connectdherbuses oil pressure gauge, which
was also in the electrical box. The ground wiredua quick connect to the circuit and a

Y, inch ring connector to the terminal locationhe bus.

3.1.2Shutoff Circuit

Like the idle detection circuit, the new enginetslff circuit also detects idling
but is also capable of interrupting the ignitiogrel for three seconds to stop power to
the engine. A bypass switch is included to entheiemaintenance staff can continue to
idle the engine uninterrupted, even if a remotddfhis triggered. The mechanic can use
the bypass switch to ensure that the engine willmtomatically shut off.

The shut-off circuit was installed on a bus thaswalready equipped with an idle-
detection circuit and tested on Juné“22011. The idle detection circuit was removed
using the quick-connect ends and the idle shutaftit was put in its place. The GPS
unit in the tested bus was assigned to its ownuspprt number on the server for testing
The unit performed as expected, shutting off thggrenafter a testing idle value of 120
seconds. The bypass switch was also tested atliag bus, and performed as expected:
when activated, the idling bus did not shut oféaft20 seconds. Three rounds of circuit
re-design were undertaken to further improve sygierformance and the final

prototypes were approved and 500 units were ordarAdgust.
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3.2Phase | Unit Construction
The majority of the Phase I idle detection ciraahstruction work was
completed in December 2010 and January 2011 bgma ¢ undergraduate students.
The completion of a unit consisted of: manufactyitime circuit, testing the circuit,
installing a SIM card in the GPS unit, numberind &abeling the GPS unit, flashing each
GPS unit with firmware, configuring the settingstbe GPS unit, testing the GPS unit
for functionality and server connectivity, and pagig the unit and additional materials

in shipping boxes. Figure 3.3 shows some of theufaturing process.

Figure 3.3: GPS Units and Wiring Components Under Gnstruction

Each SIM card was installed into the GPS unitsratcording the IMEI
(International Mobile Equipment Identity) and phanenbers in an Excel document.
This information was later entered into the seMgBQL database to link transmissions

from a certain SIM card to a unit number, and tigfothe installation sheet, to an
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individual bus. The numbers were recorded cangtollavoid transcription errors that
could cause undetected buses because of a mistdédumber. The units were
numbered sequentially in this process from 42100421500. Each GPS unit was
labeled with the unit number and phone number ib bfpha-numeric and barcode
formats. The unit number was written on three side ease of visibility in a number of
different installation configurations.

To construct the idle detection circuits, relagd eesistors were soldered onto the
printed circuit boards (PCBs) before securing tleside the plastic project boxes with
screws and metal lids. The circuit-side wiring mections, one leading to the bus, and
one leading to the GPS unit, were constructed agggrbefore being soldered together
at the connection points on the PCB. To bringcibrenections of the wires into the PCB
project box, holes were drilled into the plastizibimg. The wires were tied in a knot to
avoid pulling the soldered ends off of the PCB.e Ebnnections links required soldering,
stripping, crimping, twisting, and tying wires. &ishrink and electrical tape were used
to surround the exposed components. Each cirasttested with a multi-meter for the
proper voltage and resistances across certain aoenp® A completed circuit is shown
in Figure 3.4 below. The wires on the left arepbever (red), ignition (white), oil
pressure sensor (green), and ground (black) cangectthe bus as mentioned before.
The wire on the right has 1 amp and 3 amp fusexandects to the GPS unit via the

white Molex connector at the end.
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Figure 3.4: Idle-Detection Circuit Exterior

Heavy-duty Velcro tape was used to secure thedelfection circuit to the GPS
unit, while still allowing the team to easily renethe circuit for replacement when the
shut-off units arrive for Phase Il of the proje&ach system package included: one GPS
unit, one idle-detection circuit, one piece of dedsided Velcro, one alcohol wipe for
cleaning surfaces prior to antenna installatiom, bus-side one amp fuses to protect the
bus and idle-detection circuit, one oil pressuresee adaptor, the quick-connect wires
with ring connectors for the bus, one GPS modem@8M/GPRS antenna, and one
installation sheet. Figure 3.5 below shows a @iptompleted unit package, ready for

delivery to CCSD bus yards.
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Figure 3.5: Packaged Unit Ready for Delivery

Each GPS unit required the firmware to be flashet® the hardware
motherboard. Firmware flashing was completed uaipgoprietary software program.
The GPS unit was connected to a flashing devidepthiéed power from a portable car
battery (Figure 3.6). Also shown in Figure 3.@i®sting box, which is identical to a
flashing box with the exception of the end conr@wi The testing box has the four
separate end wires for connection to an idle-detecircuit; the flashing box has a
Molex connector for direct connection to the GP&.ulhe GPS units were connected to
the computer via a USB to serial communication \&ind the proper driver software

installed.
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Figure 3.6: Battery (left) and Testing Box (right)

The testing box includes power and ignition sweko simulate the status of the
bus. The oil pressure sensor is grounded to stmaléow signal when connected and a
high signal when disconnected. A proprietary safevyackage is used to configure each
unit and verify proper communication between thweseand GPS unit before field

deployment.

3.3Phase | Unit Installation

Installation of the units in the CCSD buses wasdhed by the mechanics of the
CCSD Fleet Maintenance Department at the four baistenance yards, spread over
Cobb County. The units were generally mounteddmsihe buses’ electrical box in the
back of the bus. Installation required splicing thnits’ wires to constant and ignition
power sources. An oil pressure t-fitting was catee to the existing takeoff for the
bus’s oil pressure sensor and a second oil pressasor specifically selected for use
with the idle monitoring circuit was installed aetconnection. The antenna was

mounted to the roof using heavy-duty adhesive taqueGorilla Tape affixed the antenna
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wiring to the side of the bus. The ground wire wasnected to a proper terminal in the
bus. The installation sheets were completed sathiak between the CCSD bus number
and the GPS unit number could be establishedilatbe database. The install sheets
contained additional information about the instadia, such as the date installed, location
of installed monitoring unit and antenna, and thma of the mechanic completing the
work.

Georgia Tech delivered 200 units by Decembél, 2010 to the main fleet
maintenance yard on S Cobb Drive, and 240 more wete delivered on February®21
2011, for the majority (440) of the 480 requiredtsin Because the mechanics had to
conduct required state vehicle inspections, onlpfa®e 200 delivered units had been
installed by February 21 he delivery of 240 additional units constitutedubstantial
gueue that CCSD staff would need to work throuBigure 3.7 shows the delivery and
installation progress over the initial course @& groject. Installation of the units ramped

up during periods of bus inactivity.
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Figure 3.7: Number of Units Delivered and Installecby Day

Children received a week off of school during dtlag's following Presidents Day,
February 21 through 28. During this week, nearly all buses were parkeshe of the
four bus maintenance yards due to the lack of dalboives being run. A significant
number of installations were performed during theek. Installations were being
performed at some of the maintenance yards, onbanecat each. CCSD reported that
each mechanic could install about 8-10 units pgr déne overall average installation
rate for all mechanics and maintenance yards was#its per weekday. The summer
installation rate ran a bit slower than the weekeabruary, at 12.8 units per weekday.

At this time, installations are still ongoing.
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3.4 Server Data Flow

The data transmitted by all of the installed uaits stored on Georgia Tech’s
server, where numerous software features haveibg#emented to trace the vehicles.
The oil pressure sensor input status of each astekly determines whether a bus is
currently idling. After the length of idling reaeh a certain duration, the vehicle ID is
added to a separate idle status table in the dagabEhe idle table can be polled via the
PHP-based CCSD project web page to pull a lisustb that are currently idling. The
server also archives the second-by-second speegoaittbn data for each trip, allowing
users to query the a travel history for each besgew the map and data for any
individual trip, quantify engine idle activity, ammtheck the installation status and
connection status of all units and buses. Thek@ymation is reported to the server by

cellular connection in real-time.

3.4.1Unit Installation, Maintenance, and Status Monitoring Website

The Georgia Tech project website also includeswasd protected web pages for
data management. The project support website altegearchers to enter installation
data obtained from the install sheets that are tetegh by CCSD mechanics. The install
sheets link unit numbers to CCSD bus numbers feriushe website tracking and
display system, allowing CCSD and GT staff to trapkcific vehicles and identify units
that are not reporting.

The project maintenance website also has theifumadity to record installation
removal information, in the case that a unit iskeroin field and needs to be removed
and brought back to Georgia Tech for further diagice and/or replacement. A current

list of all buses installed is also provided on ti@intenance site. The list of buses
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installed was frequently a deliverable back to CG8Dack the installation progress, and
was used in weighting and adjusting multiple valugsd in this study. The date of
installation of each bus is critical when calcuigtdaily idle averages for the individual
buses and overall for the instrumented fleet.

The most important portion of the maintenance wels the status monitoring
page. The page monitors the last time a unitbosaconnected to the server, as well as
the last valid GPS position reading, and an oispuee sensor reading, using the
information obtained from the GPS unit inputs, whitave timestamps on each input
on/off record. This information is used in thetueipair process described in section 3.5.

Green color coding is used for units that havenected to the server in all three
regards the day prior to observing the monitoriage Yellow connection status was
applied to units that had not connected, reportealid GPS position, or had an oil
pressure sensor reading in one day. Any combinatiohe three checks that were two
days or longer was coded red. On Monday morningsd the school year, most units
were coded red, since buses had not operated ord8ator Sunday. Teal-coded units
were ones that were marked as installed in a huid)dal never connected to the server.
Violet-coded units were not yet marked as instaffggherally because an install sheet
was either not completed or not received), but nbeéess had connected to the server.
Gray-coded units were those that had not beenlledtaor connected to the server.
Table 3.1 below shows the criteria used to devalopasy-to-track color coding system
on the maintenance website. The possible isssteslilin the third column of Table 3.1

were used as a preliminary step in identifying Bixidg the issues associated with unit
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reporting. The monitoring webpage was updated aagtit at 2 am, so connection status

changes could be seen one day after any changesext.c

Table 3.1: Unit Monitoring Color Scheme
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3.4.2CCSD Monitoring Website Tracking Features and Outpus

The website developed has a number of featurassist CCSD in managing the
idling and operation of their bus fleet. Althoutlie website is still under development, a
number of key features are currently functional arelbeing used by CCSD bus
dispatchers. The page shown in Figure 3.8 is tisadling summary page. The page
shows the CCSD bus number, installed unit numloeioa or non-school location, and
idling duration of that bus, as well as links te thap application, and the ability to call

the driver. A yellow idling status is for busesind between five and ten minutes, and a
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red status is for buses idling more than ten meuiehis page helps CCSD dispatchers

identify buses that are currently idling and gittes user options as what actions to take.

Figure 3.8: CCSD Monitoring Webpage Bus Idling Surmary Page

The homepage (not shown), contains a list offathe buses that are currently
reporting to the server (i.e. the key is on pravidpower to the unit and a cellular
connection has been established). The home pageles links to display the last
known location of the bus or the real-time activiyce of the bus on a map. The current
speed of the buses is also shown on the pageasgrdetection of high-speeds that may
be creating unnecessarily high engine loads otysefgeues. The idle reports page
(Figure 3.9) provides links to reports that summathe amount of fleet-wide idling, by
day or by month, the amount of idling by bus, amellist of ‘top 20’ lowest-idling buses
for the day. This way, CCSD can actively managé@mpare idling amounts over
different time periods to determine if any addigbpolicies or procedures developed
have an impact on the amount of idling occurringhieir fleet. The reports provided can
be tailored to provide the information desiredexjuired by the fleet supervisors, given

the flexibility of the website and backbone of setdy-second school bus activity data.
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Figure 3.9: CCSD Monitoring Webpage Idle Reports Pge

Figure 3.10 shows the idle call log page of theSDQvebpage that can be
completed by a dispatcher when reaching the buerdoy radio. On this page,
dispatchers can log information about why certaisds were idling at certain times after
calling the bus drivers. This allows for additibimdormation to be appended to the idle
events in the database, including the reasonsafdr elling event. After a significant
period of system operation, a statistical assestsafedling events can be conducted and

compared to the results of bus driver surveys faartte literature.
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Figure 3.10: CCSD Monitoring Webpage Idle Call LogPage

A preliminary test of the idle warning call systevas conducted on May $&nd
19" 2011. The notes of one of the CCSD bus dispetdhdicated that a number of idle
events were detected and the reasons for idlingrtegh by the bus driver. The results of
the call log are shown in Table 3.2. The fleepdtsher did not record the idle time for
all events; these records are marked with NA fdravailable. One instance indicates the
need for additional driver education: bus 1399 regabdropping off students and that the
buses were not ‘idle.” Some drivers may not uné@athaengineidling can occur even
when bus driver operations and actions are beirfignpeed. A number of calls resulted
in the drivers reporting that the engine was affgach unit was checked for any
reporting issues, of which none were found. A¥tenfying that the units are reporting

correctly, since the possibility exists that theveirs incorrectly reported the engine state,
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the amount of idling before and after a certain benof notification calls could be

examined.

Table 3.2: Idle Call Log Summary

/0 123214 5 (6%

17/ Q123214 8911

31 123214 1090 | $#

817 123214 94/ "H. - (. “#
874 127214 5 %%

84 [27214 8917 %%

17 12724 498 %%

877 127214 5 %% # o
18 127214 794 %%

13 127214 018 %%

803 127214 09!l St

8 127214 910 %% ot

3.4.3Idle Reports, Driver Performance, Vehicle Trips, am Travel History

The website features also include automatic daibgkly, or monthly reports on
idling, which can sent via emalil to the fleet maimance managers and directors. The
notification and idle-warning system can be modifie email, text, or call each bus
driver, and to provide data for use in evaluatimg ¢ffectiveness of the different idle
notification process. Individual summaries ofmgjiactivity can be sent to drivers on a
per-bus basis via email, so that drivers can kesgk tof their personal idling amounts. If
desired, drivers could receive information aboeirtpersonal performance, as well as

comparisons to other anonymous drivers across &bodleet-wide.
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In this effort, vehicle trips are defined by stagtwith a key-on event and ending
with a key-off event. Hence, some ‘trips’ inclugben a bus was turned on and the
engine was never started. These “key-on tripshatdrue on-road trips, but it is was
easier to classify and include these zero mileags for tacking purposes and in
developing the reporting structure for the systeMost trips had the engine started
(ignition-on), and either idled in place or moved & full trip. If the key-on event was
not logged due to lack of connectivity, the systistected vehicle activity and started the
trip as soon as the first data point came in. Liomg breaks in position change with the
key or engine on were separated into two trips.

After the server scripts break all activity intarius trips, this information can be
retrieved from the archive information. Past imfiation about any vehicle trip on any
day is therefore accessible to CCSD through theintebface system, to help with case
studies on past idling and other operational chiaretics, such as average speeds over

road segments.

3.5 Debugging, Testing, and Repair of Installed Units

The reporting status for server connections, Gip8rting and oil pressure sensor
readings were monitored over the course of theeptap detect any new problems with
the installed units. This monitoring was perforntieugh the QA/QC site, which has
been discussed previously. Over the course gbtbject, the number of units with
problems varied as some units developed new prablenie others were fixed. Using
spot-check QA/QC files, the initial number of unitgh problems was about 25% of the
total number installed at that point in time. TP&/QC website is automatically updated

every night, so archived data are not easily addessom the site and would need to be
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re-created from the underlying database. Howewabtel'3.3 shows a visual example of

one of the QA/QC files, using the color coding d#ésed in Table 3.1.

Table 3.3: Example Status Monitoring File

"HEUHEE ' ( )

% #

/1 | 840 d2v214 12upla 121824 | 4 |4 | |

n14 | 8oed e ke | 0| 0| |

Table 3.3, taken from the last day of school &@5&011, shows a number of
units with a range of problems. Units 421009, 4001 and 421486 show different values
corresponding to the last time the unit conneatetthé server. Unit number 421009 had
not connected to the server in two days, had nid @&PS reading in the last two days,
and no oil pressure sensor reading in the lasé ttiags. Unit number 421150 was
reported as installed in bus number 1326, but kasnconnected to the server. Unit
number 421205 has connected to the server, bot isiarked as installed in any bus.
This is most likely due to the lag time betweendbtual installation and the reception of
the installation sheet and that install being estten the database on GT's end. The
QA/QC file was used in field visits to the four byerds to identify units for inspection

and repair.
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The field visits were generally conducted by alsgraup of Georgia Tech
personnel equipped with a multitude of electrical$, replacement parts and
components, laptops with the diagnostic AWS Seramed, cleaning tools and supplies.
The personnel also brought water, bug spray, suatam, hand wipes, and shop towels
for comfort, cleanliness, and safety when perfogmirork in the field. Connectivity to
the server was tested for inspected units, asagethecking for things like oil residue on
the connections inside the electrical box, a pilggenctioning bus oil pressure sensor,
antenna placement, tight fit on all connectionsy@oproperly served to the units, and
any ignition sensor or power problems.

The field visits required coordination with thedt managers at each visited yard,
to determine the location of each bus. With ov@¥Qlbuses to look through, finding the
40 or so buses that had malfunctioning units antbagea of yellow turned out to be one
of the more difficult challenges. Most units weeadily repaired through simple
solutions like replacing fuses, or cleaning quiokmect wires. Units that were unable to
be fixed in the field were removed and taken backé laboratory on GT’'s campus for
further diagnostics or replacement. The followfiggires are pictures from the field
visits. Figure 3.11 shows a bus at the S CobbyRAug fueling station; Figure 3.12 shows
the typical configuration of buses parked in baxkack rows, making it somewhat
difficult to search through the buses given thgeéamumber of buses present and lack of

assigned parking slots.
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Figure 3.11: Bus in ULSD Fueling Station at Mainteance Yard

Figure 3.12: Buses Parked in Maintenance Yard
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Figure 3.13: Research Assistants Testing a Unit irield

Figure 3.14: Example of a Broken Cellular Antenna

Figure 3.13 shows undergraduates research agsigtating and repairing a unit
in the electrical box of the bus, which were lodatethe right passenger corner of the
bus for most models. Figure 3.14 shows an exaofpdeproblem that caused lack of
connectivity to the Georgia Tech server; a brokaiuar modem / GPS antenna,

presumably by a low-hanging branch or other obstrac The broken unit was replaced.
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CHAPTER 4

BASELINE SCHOOL BUS IDLING ACTIVITY

4.1 Extended Idle Event Definition

The initial length of time that was consideredegiqd of extended idling was 120
seconds. The definition of an idle event did matude location ranges due to GPS
‘wander’ at very low or zero speeds. The only sifésation factor used was a vehicle
speed of less than 4 mph for a consecutive pefid@®seconds. This length was
determined to exclude what could be consideredgdiit bus stops. When a bus stops to
pick children at a designated bus stop, it is rasonable or efficient for the driver to
turn off the bus engine for the time it takes fog student to board the bus and find their
seat. The 120-second extended idle threshold asedoon discussions with CCSD as to
what is a reasonable cut-off time as it relatdsu® stops. A significant and easily
guantifiable factor affecting the length of a btapsis the number of students at each bus
stop. These data (number of students per bus istamluded in the bus route
information from CCSD. On average, 5.0 studenéspacked up per stop by CCSD
buses, and the average number of stops per buesisoli2.4. Bus drivers wait for
students to sit in their seats before motoring afk@y the bus stop, slightly extending
the length of time spent as bus stops. Anotheaofdeading to extended idling at bus
stops is parent/bus driver interaction, which frawustomer-service standpoint, is not
generally discouraged. The idle event definitisediin the study is also supported by a
typical intersection cycle length of 120 secondsbus could spend a large portion of
that time waiting in a queue at an intersection.
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The 120-second definition for school bus extendéglactivity may pose certain
limitations in the analyses of the data in the ihesctions that follow. For instance,
buses that have an idle duration of less than &20rgls will be ignored in the analysis,
and buses stopped at a school at unloading 40drehiin the AM will be included in the
idle events. The results in Section 4.5.5 willypde some insight on how the idle event
definition affected the study.

The total amount of idling consists of all idleeens when the bus engine is on
and the bus is stationary, including time spetuuet stops and in intersection queues. The
full amount of idling is necessary to create altetaission inventory, but is not expected

to have much significance when analyzing extended i

4.2 Extended Idle Analysis

The actual amount of extended idling occurringhie CCSD school bus fleet
could differ significantly from the average of 24ninutes per day identified in the
Oklahoma study. Idle amounts may differ as a fiomodf regional differences, climate
differences, driver behavior and training, schaaliges, and a number of other factors.
The methodology described in the following sectieets out to assess the amount of
idling undertaken by CCSD buses. To fully charaeéethe idling of school buses, as a
basis one must know the amount of idling per busdpg that occurs. The number of
buses, or percentage of the entire fleet, thatatlkl, or for a certain length of time, also
needs to be known to understand the idling charatits of a given bus fleet. The
location and time of the idling events is also impnt, because exposure to the
pollutants emitted from diesel exhaust has higkas#ivity at certain times and

locations, most notably school loading areas imtlbening and afternoon when children
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are present. Estimating the length of idle evemtgé&ch bus in the fleet can imply
information about the distribution of driver chatextstics in terms of idle amount and
location.

Other secondary factors worth considering to estntheir effect on extended
idling include weather, particularly temperature veell as very long idle events, and the
number of recorded idle events per day. The toteduat of idling over a given study
period (which can be extrapolated to an annual a)asiuseful and helpful for the
estimation of idling emissions via any emission elody technique such as MOVES
DEQ. Other special trends such as determining resafsw a severe lack or abundance of

idling or certain days will also be examined.

4.2.1Study Period

The study period for this analysis was definethas86 days from February 28
2011 until May 28, 2011. Although data were collected as early asenber, a critical
mass of instrumented vehicles in the fleet wasashteved until mid-winter. February
28" was the last Monday starting a school week in ety and May 28 was the last
day of school for CCSD children and bus operatibaring this period, 22,783 total idle
events and 125,029 trips were monitored.

The study period excludes weekends and the wesfrisfg break, April 4-8",
during which bus activity was very low. To remdte weekend and spring break idling
events, an excel file was created from CCSD scbaleindar data with the dates in the
range of the study period, and a dummy variablérépresenting a regular school day in
the desired time range, and a “0” representinghangtelse, including weekends and

holidays. This Excel file was imported into SP$8 a keyed match file merge was
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performed by date to add the dummy variable aduargoin the study period IdleEvents
SPSS file. All records with a value of “0” for ndgr school day were selected and
deleted. This deletion consisted of 252 recordb®f33,783 total study period records,
leaving 33,531 idle events for regular school dayeekends and holidays accounted
just 252, or 0.8% of all of the idle events in gtedy period. The 58 regular school days
analyzed account for 99.2% of the idle events enstudy period.

The number of regular school days during the shehod is 58, and there were
idle events reported on every day during this gerido remove the weekend and spring
break idling events, an excel file was created f@@ED school calendar data with the
dates in the range of the study period, and a durarngble: “1” representing a regular
school day in the desired time range, and a “Ofeggnting anything else, including
weekends and holidays. This Excel file was impbiteo SPSS and a keyed match file
merge was done by date to add the dummy variatdecatumn in the study period
IdleEvents SPSS file. All records with a valué@ffor regular school day were
selected and deleted. This deletion consisted®frécords of the 33,783 total study
period records, leaving 33,531 idle events for l@gschool days. The 58 regular school
days analyzed account for 95.3% of all idle evantbe dataset, and 99.2% of the idle
events in the study period. The method to detegrttie breakdown of idling duration,
rather than number of events, will be explainedtihbereafter. Table 4.1 provides a

summary of the number of days and idle eventsdoh@f the data ranges mentioned.
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Table 4.1: Dataset Summary
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4.2.2Extended Idle Event Data Processing

Using the Idle Event definition of a minimum of(.8econds, a log of all idle
events was created from the raw second-by-secdmndledraces in the server database.
Buses that had a speed of 4 mph or less for a mmiwf 120 seconds were classified as
an idling event. The speed ranges were establishadcount for GPS inaccuracy. Each
idle event was assigned a unique identification imemgidleEventsid). Each event was
saved in a comma-separated-value (.csv) file vaghfollowing information allocated to
each unique idle event ID: idle event start dat&tane, idle duration, latitude and
longitude of the location the bus idled, as weltles (bus) vehicle identification number
and (GPS) unit identification number. An exampléhef data format is provided below
in Table 4.2. The ‘idleEventsType’ column is blaard will be filled out in with the

location categorization using the GIS processingraarized in a following section.

Table 4.2: IdleEvents.csv Data Format
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The IdleEvents.csv was retained in multiple formatest notably Excel spreadsheets

and IBM’s Statistical Packages for Social ScieN&3SS) data format.

4.2.3Weather Data

Weather data for Marietta, GA were collected fneomderground.com weather
history archive (Weather Underground, 2011). Taedre reported from the Dobbins
Air Force Base weather station. Daily weatherimfation was collected for December
1%, 2010 until June 1% 2011, which is before the beginning and pasetieof the good
three months of idle data in the study period. Weafor Marietta is assumed to
approximate weather conditions for the entire cpumthis analysis. The weather
variables available include daily high, low andrages for: temperature and dew point
in degrees Fahrenheit, humidity in relative percprassure in inches mercury, visibility
in miles, and wind in miles per hour. The otheriatales available were daily
precipitation in inches, and a note to classifpranow, thunderstorms, fog, etc.

After collecting the information from the webs#ad saving the data in an SPSS
file, the variables high low and average tempeegatiigh low and average humidity, high
low and average wind speed, and note were mergbdivé IdleEvents files using a
keyed match by date. The main weather variablethgsized to have an effect on the
amount of idling is temperature, as one of the maasons for idling is cabin climate

control heating or air conditioning (EPA, 2010).

4.2.4 Geographic Information System Processing
To identify the approximate location of each idient, Geographic Information
System (GIS) analysis was used. Each idle evestiwen classified by location

category: events outside of Cobb County, idle lmost zones, idle at bus stops, idle at
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intersections, idle on-street, and idle off-streEtie goal of the spatial categorization was
to compare the amount of idling at each locatiorierms of average amount per bus per
day, to get a good idea of the spatial distributdidling activity that occurs within the
bus fleet. Idling in school zones is likely to dfegreater concern because due to the

health consequences associated with children’sifaoit exposure.

4.2.4.1School Zone, Bus Stop, and Intersection Mapping

CCSD provided Georgia Tech with hand-drawn mapgkefparking zones
overlaid on satellite imagery for each of the 113blE County schools. Georgia Tech
researchers manually created polygons in ESRI'&SMcsoftware package to represent
these parking zones.

Bus route information was sent to Georgia Teclpfocessing and geo-coding.
Geocoding is the process of creating or extraditegitude and longitude coordinate
from other geographic information, in this caseiraet address or intersection. The bus
routes contained approximate addresses for eaitie df6,384 bus stops on the 1,319 bus
routes in the file. CCSD has indicated that al®3% more bus stops exist (discussed in
Section 2.2), but these additional data are noayatiable. The bus stop addresses were
matched to latitude and longitude coordinates uaiMppQuest database script. Using
the latitude and longitude coordinates, bus sttgpadent locations can be plotted in the
GIS files.

A limitation of the analysis performed is that aditof the bus stops are currently
geo-coded, because of address matching failurest.53% of the bus stops provided
could be matched from the CCSD provided list toNtapQuest database, for a total of

8684 geo-coded bus stops. Many of the addressbs iMapQuest database included
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prefixes or suffixes such as Example Rd NE and8pBaSt. These prefixes and
suffixes were not included in the bus stop infolioraprovided by CCSD. The matching
produced multiple output address matches from 6G0riple Rd, such as 600 Example
Rd NE, 600 Example Rd NW, etc. Hand matching eéhaddresses to latitude and
longitude was not reasonable due to the sheer nuofilmeismatches and small scale of
the data. Many of the streets in the datasetasenall neighborhoods and common data
sources such as MapQuest may not include accueatéogations for addresses provided
on these streets. The Georgia Tech team is workiregnew Flash-based web user
interface that will allow dispatchers to readilydatie locations of the missing bus stops.
Roadway links were allocated into the GIS filenfra shape file obtained from
Cobb County’s website. The roadway links wereeniras of July 2010 (Cobb County
GIS Office). A tool downloaded from ESRI was usedreate nodes for the
intersections of the roadways. Given the curremunt of road work and construction,
it can reasonably be assumed that some roads wes&ucted between July 2010 and
March 2011, and are not included in the file (C@uunty Department of Transportation,

2011).

4.2.4.2ldle Zones and Geo-fencing for Spatial Categoriaati

The latitude and longitude for each idle event eésacted from the IdleEvents
file, and compared to the location or proximityeaich feature type. The location
category or classification is shown in Table 4.8clkidle event proceeded through a
step-wise classification check, starting with thstto determine whether the event
occurred outside Cobb County and ending with teettedetermine whether the idle

event occurred off of the transportation netwofke prioritization resulted in a
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straightforward system within the GIS to ensure #deh idle event fell into one and

only one classification category. The distancésrma for each classification category
were based on visual assessment of school zongstdqs, intersections, and street
configurations. Refinements were made to theahitistance numbers to help capture
the events as accurately as possible.

Figure 4.1 shows a school with a small clustedt# events (shown in the green or teal
dots) located just outside of the initial 500 foadius. Based upon case study analysis of
a subset of schools, the school zone radial distaas changed to 600 feet for the final

analysis.

Figure 4.1: Idle Event School Location Categorizatin Example

In the categorization process the latitude anditade of the idle event is first

compared to the borders of Cobb County. If thepisi outside the county, it is
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categorized as an out of Cobb County idle eveinthel coordinates are within Cobb
County, the system moves to the next category estd whether the coordinates are
within the pre-established polygon of the schookijmgy area, or within a 600 foot radius
of the school center point. Occasionally the distlabd parking area is outside of the 600
foot radius, so both tests must be run. If eitligeria is met, the event is classified as a
school zone idle event. The GIS tool then teststimr the idle event location is within
60 feet of the street centerline and within 30Q {keearly) of the bus stop to classify the
event as a bus stop idle event. Three hundredvi@eemployed because bus drivers do
not stop at the exact location every day. ldlenévenatching these criteria are
categorized as bus stop idle events. The nexist@sthin 60 feet of the street centerline
and within 500 feet (along the roadway link) ofiatersection, to capture the potential
length of a very long queue at a traffic signallelevents meeting these criteria are
classified as intersection idling events. Figu@ghows logged idle events as green dots
around an intersection, as well as the eastbouadegand the 500 foot longitudinal

classification criterion.
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Figure 4.2: Idle Event Intersection Location Categdzation Example

If none of the above location criteria were matthbe software then tests for 60
foot proximity to a street link. The events thait fvithin 60 feet of the centerline are
classified as on street idling events. The remaimvents that are farther than 60 feet
from the street centerline are categorized astoéesidling events, typical of large
parking lots.

The priority ranking prevents duplicate classificas. For a school at the corner
of two roads and the parking lot adjacent to tiheest it is very possible that an idle event
location meets the criteria for the on street,rggetion, and school zone categories.
Given the close proximity of the school and thevited guidance in the definition of
idle events at 120 seconds which accounts forsoresle intersection waiting time, the
event is most likely actually occurring in the sehparking lot, where the majority of

idling events occur. The idleEventsType columthia IdleEvents file was populated
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with the proper categories from the categorizafioycess. The location categories, or
idle event types, are used in the analysis withdtimation of the idle events and dates; an

example is shown in Table 4.3 below.

Table 4.3: IdleEvents.csv with Categorized Locatios
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Note that with the rules that have been implentntes possible for events to be
mis-classified. For example, given the classii@atest order, an intersection idling
event would be categorized as school zone idleeifritersection was located within 600
feet of the school centroid. Some of the bus stiogswere not geocoded and idle events
may be categorized as on-street events. In theepsing, the GIS software would see an
idle event that was actually at a bus stop, bwbildn’t recognize it as a bus stop event
since the stop was not geocoded, and move to tttgonierity level. When road
segments are missing from the network databaseg sorstreet idle events may also be
classified as off-street events. Incorrect or mggeo-coding for school zones, bus
stops, and intersections could lead to some iddatsvfiltering down’ and landing in a
category with a lower priority level. However, thebability of missing a school zone
classification is very low because the system watet afterwards with the research
group and the errors were corrected. The mainl@mon the classification system is

primarily associated with missing bus stops. Aikineffect could be possible for road
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links constructed and new intersections createddrst July 2010 and March 2011.
However, the location categorization is considexgmod approximation to the
distribution of idle activity in the stated categ for the CCSD bus fleet, due to the
large sample size of bus stops, intersectionswagdinks, and school zones that have

been provided.

4.2.5Statistical Analysis

All of the data collected from the systems werganted into the IBM's SPSS
statistical software package to analyze variowtigiships and characteristics of the
idling. Before continuing to the process for eing these aspects of idling, the
limitations of the idle event definition as speediin section 4.1 should be noted and
considered when analyzing the results. Again, esfents shorter than 120 seconds in
length are included in calculations of overall ithe the fleet (occurring both onroad and
offroad) but short idle durations are not identlfees part of extended idling in the
database for subsequent analysis. Idle eventsestiban two minutes are not really the
main concern for idling, since shutting down thgiae and restarting is only efficient
after three minutes (EPA, 2011).

Similar processes and actions were performed ethtiee datasets: the full study
period, regular school days only, and weekendshatidays only. Many of the analytics
would require pruning of each database to a résttiset of cases to analyze. The main
functions in SPSS used include visual binning,dalases using a case range, select
cases using an IF function on different variabfeequencies, Descriptives, Merge Files

— Add Variables, Compare Means, and Aggregate ilomst
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One of the most important variables to be analyzaslthe average amount of
time idling per bus per regular school day durimg $tudy period. Data for weekends
and holidays were also flagged and analyzed segparathe three base files containing
all idle events corresponding to each dataset aggeegated by unit number and date.
The summary variables included were average iddateduration, average number of
idle events, and most importantly the sum of idlerg duration. With this final statistic,
the total duration of all idle events in one daydae bus is entered into a column is the
post-aggregated data file. The descriptives feattas then used to obtain the average
number of idle events logged per bus per day, ¥keeage duration per idle event, and the
average total daily idle time per bus.

To assess the number of unique buses analyzeayogiveen day, only the study
period data file was needed because it encompalisks/s within both subsets of data —
regular school days and weekends and holidays.idi&events were aggregated by unit
number and date with the summary variable beindrétpiency or count of events
logged by each bus on each day. This aggregataupgd all idle events from one bus
and one date together. The file was then aggrdgagain by date, with the summary
variable being the frequency of cases aggregale.second aggregation grouped all of
the buses idling on a given date together, anditimeber of buses was counted. This
method did not average any values from the twondistlay types (regular school days
and weekend/holidays), since the results wereréifteated by each day. Similarly the
time binned dataset mentioned before was aggregadedond time by 15 minute time

bins to record the number of unique buses idlimgscvarious hours of the day.
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To examine the distribution of idling events andladion over the course of day,
SPSS'’s Visual Binning Function was used on theBaddntsStartTime variable. The
visual binning helps users assign categorical ggdaghow the distribution of events
across a variable. The options for visual binnimdude custom-defined cutpoints,
equal-width cutpoints, quartile cutpoints, equalkeetile cutpoints, and cutpoints within
1, 2, or 3 standard deviations of the data. Femtalysis, 15 minute equal-width
cutpoints were used. The visual binning tool ukesstart point as the first value in the
dataset, which happened to be 12:08:56 AM, shiftithgf the groups to odd numbers
like 7:23-7:38 AM. A new case with zero idle duoatwas inserted to the dataset at time
12:00:00 AM, to time align all cutpoints to equ&l hinute intervals. After each idle
event was classified into a 15-minute time bin,dtgtribution of idle events and total
idle event duration were plotted by aggregatingfilleeby the time bins and using the
sum of idle events, the sum of idle event durationshe sum of average idle event
duration.

Frequencies were taken for the number of idle esvigam the study period file to
determine the percentage of idle events that dooeach location category. The average
length of idling events in each category was cal@d using the compare means function
in SPSS with IdleEventsType as the independenabigriand the idle event duration as
the dependent variable. To determine a breakddwrerage idle lengths at different
locations, the study period dataset was aggredmtechit number, location category and
date, with a sum of the idle event duration asstimamary variable. The average total
daily length of idling per bus can simply be casted using the compare means function

of SPSS, which takes the average of all bus-dagategory 0, out of Cobb, and then

65



category 1, school zone, etc. ldleEventsType Wasrndependent variable and the
summed duration of idle events as the dependeiablar

To make comparisons that may relate to driver ieh&ssuming that drivers
are generally assigned to a specific vehicle) atrerage daily idle time by each of the
bus was compared for regular school days. Thdaegahool days file was first split
into AM and PM sections using the case selectiatufe by time. The files were then
aggregated by unit number and date, with the sumraiable being idle time duration
sum. This aggregation collected all idle eventsafbus on one day and summed the
durations together separately for AM and PM idlerdgs. The resulting file was
aggregated again by unit number with the averalgedidration as the summary variable.
The final aggregation produced the desired variabthe average idle time by each bus
in AM and PM periods. Some bus drivers that idkerhore than 45 minutes per day can
be considered heavy idlers. Since each unit nutreesponds with one bus and each
bus has one driver, the unit numbers also act sislbwer identifiers.

Weather information was appended into the basesdatfiles at the outset of the
project, and comparisons were made between thénare@articularly temperatures) on
each day to the number of buses idling, the totedunt of idling per day, and the
average daily idle per bus. Ordinary linear equratiwere developed to try to predict the
amount of idle as a function of low, high, or aggalaily temperature. Excel’s trendline

feature was used for the development of these emsat
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4.3 Fleet Instrumentation Results
In summarizing the amount of extended idling thaturred in the instrumented
bus fleet, the first thing to consider is the numiifebuses actually reporting idling during
the study period. The number of buses installesl tnacked via the installation sheets
returned to Georgia Tech. Temporal variation emnlamber of buses idling was
examined within the context of the CCSD school y=dendar. The data collected from
installation sheets and entered into the servetl@mdumber of buses reporting idling on

a given date were plotted on the same graph td il following results.

Figure 4.3: Number of Buses Installed and Idling byDay

The number of buses installed and idling variggigicantly throughout the study

period. Until the end of February 2011, very fewgés had units installed. The lack of
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installations during this time period can be actedror by the delivery of the majority
of the units from Georgia Tech to CCSD at the eihdexember and the inability to
perform numerous installations during school whHenliuses are in service. Students
had one week off of school in February around BEeggis Day, and the number of buses
installed shot up during this period, as all bugege stored in the bus maintenance yards.
The number of buses idling was very low this week& tb drastically reduced vehicle
operation when school is out.

The high installation rate was not observed dutitegweek of spring break in
April. CCSD reported that week was spent perfogrstate inspections of the buses so
very few installations were performed. The numifdsuses reported idling during the
spring break week was also very low. All other ikgefrom the beginning of March until
the end of the school semester on Wednesday M3y2PA 1, show a significant number
of buses idling during the weekdays followed by lperiods of activity on the weekend.
The installation of units picked up significantlgaan after the end of the school
semester. The idleEvents.csv file used for thdyaisain this study contained events
until May 26", 2011, one day after the end of school.

The robust data range, as previously definedeasttidy period, is considered to
be February 28 2011 through May 2% 2011 excluding the week of April"4 April 8"
for spring break and school holidays. This is p8ally nearly three months of data from
March, April, and May. Using the values in thigaleange, on an average weekday, 109
of the 183 installed buses reported idling (ab®%%

However, this figure does not tell the whole stoNot all of the units installed

were properly connected to the server and repodirany given point of time. In fact, as
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mentioned before in section 3.5, approximately 28%he installed units had some sort
of initial issue with reporting data to the servadio adjust for the lack of reporting, the
percentage of buses expected to actually be iditige quotient of the reported number

of buses idling and the percent of buses reporting.

Using this adjustment, we can determine that, @mage, nearly 80% of the buses did
have at least one idle event over 120 secondsigitigoer day. This adjustment also
leads to the suggestion that of the buses instalealut 145 of them log at least one
extended idle event per day. The estimate foful@roject fleet is 384 of the 480
buses. Across the entire Cobb County fleet, threlbvar of buses idling (for more than

120 seconds) on a given day is expected to be B2@d 150 total buses.

4.4 Vehicle Activity Data Verification and Results
The vehicle activity data files were first reviedor potential outliers. Of the

total 132,000 trips logged, over 15,000 (11%) haota duration of zero as classified in
operating bins. Zero duration files are createénva driver turns the key but does not
start the engine, a ‘key-on trip’. The total numbgkey-on trips for each bus was
checked, and then compared to the total time tlséhad a unit installed and was
therefore able to report trips. Two buses, with nnmbers 421088 and 421076,
accounted for 2,933 of the key-on trips. Eachwialially had at least 900 more key-on

trips than the third highest unit. Upon checking tinit status of the top key-on trip
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loggers, the team determined that the ignition rr&pg system for those two boxes were
broken. The ignition output of the boxes was camity on, populating the trip table with
an excessive number of trips. The data from th&eaunits were removed from the

dataset prior to analysis. Figure 4.4 shows thelrar of key-on trips on each day in the

study period.
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Figure 4.4: Key-On Trips per Day

The buses also logged key-on trips with a directetation to the school days
when vehicle activity was high. The number of keytrips reported was much higher
on school days, which is in agreement with thengikmount results shown in section
4.5.2. To analyze the bus activity in terms ofgsians, the key-on trips were not

included in the emission calculations; since the éuogine is not on, no emissions occur
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during these trips. Further coordination with COSID be performed to determine if
operational characteristics create these key-opntopk. One example would be keying
on the bus to check certain electrical componentseomileage before starting the
engine of the bus, as required by CCSD policies.

The total vehicle activity recorded in the datagas 117,500 moving or idling
trips (excluding key-on only trips), 20,758 houfsaotivity, and 297,595 total miles of
activity. The VMT recorded was approximately 2.4#4CCSD’s 2009 annual VMT of
12.6 million miles. The Over the 58-day study pdr{32% of the 180 total school days),
while units were being installed, the average nwing day included about 127 of

CCSD’s 1150 total buses (11%).

4.5 Extended Idle Activity Results

The number of buses idling was plotted againshtpk, average, and low
temperatures for the three month period Februafy 2011 through May 2% 2011.
Figure 4.5 shows the resulting plot. The graphsdu® show a strong correlation
between the temperature and number of buses idAgfronger correlation is expected
for the total amount of idling activity per daythar than just the number of buses idling.
In fact, the number of buses idling remains retdgivconstant across the study period,
regardless of temperature. The number of busegi not expected to be a function of
weather conditions. The graph of total duratiombhg and average idling per bus

against temperature is shown in section 4.5.4.
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Figure 4.5: Temperature and Number of Buses Idlindy Day

The lowest number of buses idling on a weekdayiwed on Wednesday April
27" just 79 buses of the 144 total connected andrtiagdo the server that day. The
low on April 27" was 66°F, one of the highest low temperaturekérdataset, indicating
that =the lower number of buses idling might bated to temperature. The number of
buses idling was also plotted against humidity aidtl, but these variables were even
weaker with respect to correlation with the numieouses idling.

Table 4.4 provides a summary for the study pedéelevents. The total number
of events in the AM was about 18% higher than tinalper of PM events, but the total
duration of idling was 40% higher in the AM — 1,88durs compared to 1,348 hours.
This is supported by the fact that the averagetkeafidle events in the morning is
longer than the average length of an idle evetitenPM, by about 18%. Each bus also

averages 16% more idle events in the AM than irPile also contributing to the 40%
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increase in total idle duration in the AM. The mage number of idle events per bus per
day is 5.24, and the average length of idling per fiier day for the entire study period is
30.1 minutes. The maximum length single eventlfg in the study was 4.96 hours.

The 98" percentile of idling for one bus on one day tafalel4 hours.

Table 4.4: Summary Idle Statistics for Study Period
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Table 4.5 summarizes the idling results for regstdool days only. Eliminating
the weekends and holiday events from the dataads l® averages for all weekdays
which school is in session for. The average exddndle per bus per day is slightly
reduced from the study period dataset from 30.lutegto 29.7 minutes. Per bus, 37%
more idling occurs in the AM than in the PM, 19@npared to 14.1 minutes per day.
These numbers don’t add up to the 29.7 total mgpéx day because the averages are
only for when the buses are idling in that givendirame. A bus that idles in the AM
but not the PM would contribute to the AM and dailyerage, but not the PM average.

One bus recorded a 3.26 hour idle event on a regateool day. The average AM and
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PM start times were 7:34 AM and 3:02 PM, which espond well with the approximate
times of operation for the CCSD schools, which e@gered in section 2.2. The average
amount of idling is likely affected by the seastudged, and will vary more over the

course of the year.

Table 4.5: Summary Idle Statistics for Regular Schal Days
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Table 4.6summarizes the statistics for weekends and holid&ysce this dataset
only includes 252 idle events over three monthes véiriation between each day is much
wider than the more typical regular school dayke Total amount of idling recorded
throughout the study period on weekends and hdieags 88 hours, or 2.7% of the
3,229 total hours. When a bus did idle on a weék#re average length of time it did
per day was longer than on regular school dayS.&inutes. Also the average idle
events logged on the weekend are much longer tieaaverage regular school day idle
length at 21 minutes, or more than three timesethgth of the average idle event on

regular school days, 5.6 minutes. The weekenchatiday AM and PM breakdowns
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carry little weight since they do not correspondédore and after school activity
patterns. Further discussions with CCSD are netalddtermine a list of general
reasons why buses would be idling on the weekeftie. maximum single idle event in

the study period occurred on a weekend at 4.96shour

Table 4.6: Summary Idle Statistics for Weekends an#iolidays
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4.5.11dle Summary By Bus-Days

The results of the SPSS visual binning of idlengVength is shown in Figure 4.6.
The bins of daily idle time are broken down intontirute groups for 0 to 60 minutes and
an additional group for 60+ minutes. The frequenicthe primary ordinate axis is the
number of bus-days recorded in each of the totajtlebins. A bus-day is a case where
one bus idles a certain length of time on one dasouping the first six bars, for buses
that idle, 60% of all bus-days accumulated less 8taminutes of idle time during that
day. In contrast, 32% of bus-days accumulated é&=tvB0 and 60 minutes of idling, and

8% recorded more than 60 minutes of idle per dsiythe extremes, 6% of the bus-days
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monitored exhibited only 5-10 minutes of idling iy, and 8% of the time, buses

logged 60+ minutes of idling per day.

Figure 4.6: Daily Idle Time Per Bus in Study Period

4.5.21dle Summary by Bus

To further understand the idling distribution, theerage daily idle time per bus is
plotted for the monitored buses. The frequenctherordinate axis of Figure 4.7 is the
number of buses. Each bus in the dataset idléerélift lengths of time on different days,
which was shown in Figure 4.6, but the average amoitime each bus spends idling is
displayed here. If a bus idled 4 minutes one 88yninutes the next day, and 60

minutes the third day, the average daily idle tfioré that bus would be 31 minutes and

76



fall into the 30-35 minute bin. Of the 154 buse4% of buses average between 15 and
25 minutes per day. The last four bins, 45+ miswgeer day, constitute the heavy idlers,
of which there were 15 of the 154 total. Approxieta 10% of the buses account for

19% of the total idling.
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Figure 4.7: Average Dalily Idle Time for Each Bus inStudy Period

Looking at different buses/drivers, the average ah average PM total idle per
day is compared across all of the buses. Thetseatd displayed in Figure 4.8. Each bar
shows, for one bus, the total AM average idle @81, dtacked on top of the total PM
average idle per day. The bars are ranked byutmeo$ the AM and PM average, not the
overall average per day. The AM idle time, showtha bottom of each stack, is

generally longer than the PM average idle time cimag the average AM/PM lengths
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presented earlier. Some buses never idled inftegaon and their red bar reaches all
the way to the top of their stack. Bus 1679, gponding to unit number 421088, was
the highest idler, averaging nearly 160 minutesdagt Bus 1647, corresponding to unit
number 421076, averaged nearly 120 minutes per Bagluding buses that did not idle
at all (20% of the buses), the lowest idling bus Wwas 1479, corresponding to unit
number 421035 all the way at the right of the chate four lowest idlers reported no
PM idling, and an average AM amount of 17 minutekess per day. This graph shows
that there are some heavy idlers, but the totadgds controlled mostly by the middle
population that idle between 20 and 45 minutesdpgr An expanded version of this

chart is available in the appendix to show eachmumnber.
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Figure 4.8: Distribution of Average AM/PM Daily Idl e By Bus
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Figure 4.9 shows the bins for the average amaduidtetime in the AM and PM
periods. The results of this figure are like s$plg Figure 4.7 into two parts: morning and
afternoon idling. Only 15 buses (10%) averagedentioan 15 minutes in the PM. About
90% of the buses idle less than 15 minutes peirdthe afternoon. About 69% of buses
idle in the morning, averaging between 10 and 2%ubais per school day morning. Very
few (5) buses average more than 45 minutes in MeAPM period. This graph shows
that there are clearly more buses that have a fanggage AM idle time than the

average PM idle time.
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Figure 4.9: Average Dalily Idle Time for Each Bus AM and PM
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4.5.3ldle Summary By Time of Day

Figure 4.10 shows the distribution of idle evendsn the study period dataset
over the course of the day, separated into 15-mibims. The number of idle events
peaks in the 7:00 AM to 7:15 AM bin with 2110 ewventcurring in that bin. The peak
idle event hour is 6:45 AM to 7:45 AM in which 7®8vents occur. The PM peak 15
minute period is 3:45 PM to 4:00 PM with 1,830 idieents recorded. The PM peak
hour is 1:45 PM to 2:45 PM with a total of 5,108%idvents. The distribution shows that
most idle events are logged before starting therbuies in the AM, and then in the
afternoon, waiting to pick up students at school&ke them home. As recorded before,

there are 18% more idle events in the AM than tie P

Figure 4.10: Distribution of Idle Events by Time ofDay
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Figure 4.11 shows the 40% more idle duration @AM when compared to PM.
Again, the idle event durations were broken dowa b minute bins. The peak hour of
idle duration does not overlap with the peak hdudle events. The peak hour of idle
duration occurred between 6:15 and 7:15 AM, witB 8%al hours of idle. Comparing
with the idle event peak hour, this shows that @&rdle events start earlier in the
morning and more idle events occur closer to tag sf school. The peak 15 minute
period was between 6:30 AM and 6:45 AM with 267 #scaf idle. The PM peak 15
minute period 1:45 PM to 2:00 PM with 192 hoursdbé. The PM peak hour of idling
was 1:30 PM to 2:30 PM with 495 hours of idlinggain, this is a bit earlier than the
peak hour for number of idle events. Inherentig, fbnger idling events start earlier in

each period, so the number of idle events peastdader time than the duration of idling.

Figure 4.11: Total Idle Duration by Time of Day
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Figure 4.12 shows the average length of idle eveythe 15 minutes time bins.
The chart’s scale is dominated by a few early-nmayr@vents that averaged a much
longer time than others. There were a total fehidle events starting between 4:00 AM
and 4:15 AM, and they averaged 91 minutes in lengtie 115 minute average idle
event length from 4:15 AM to 4:30 AM was comprisganly two events. To be able to
see a better distribution of the length of idleregeover the course of the day, these

outliers are removed and presented in Figure 4.13.

Figure 4.12: Average Length of Idle Events by Timef Day

Figure 4.13 shows the average length of idle evaatoss a day, but only for
those time bins in which at least 20 idle eventsaiegged to get a better representation

of the average value within those time bins. Emgth of idle events starting between
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6:00 and 7:00 AM starts to decrease until reachinglatively constant value that
remains across the rest of the day. It is hypatkdghat buses start idling before starting
their routes in the morning, and continue to ididilstarting that route. Because routes
have been optimized by CCSD to have similar timations and student loads, and
because bus routes are designed to place the thessthool immediately prior to school
opening, buses all generally start at approximatedysame time. Thus, idling events
starting earlier will have a longer duration to maikto the start of the bus route time,
which varies less than the start time of idlindieTength of the idle events is notably
short between 2:00 PM and 3:00 PM, when buseskaly dropping students off in the

afternoon routes.

Figure 4.13: Average Idle Duration by Time of Day [linimum 20 Events)
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Figure 4.14 shows the number of unique busesgdlira given point of the day.
The number of buses idling is greatest between &@m807:45 AM, and remains high until
aftert 9:15 AM. The number of buses idling dropsrdate morning and midday before
increasing to a high percentage again in the ajtern The number of buses idling
between the 3:15 PM and 3:45 PM dips likely duafternoon routes being run. The
percentage on the secondary ordinate axis is tloemage of total fleet buses starting an
idle event within a specified time period. For exde, to predict the number of buses
that will log an idle event between 1:00 and 1:MfBr a 1000-bus fleet, the percentage
at the 1:00 PM datapoint, or 37%, can be multipbgdhe number of vehicles operating
in the fleet. Approximately 370 CCSD buses wil lan idle event during this time
period. The red line shows the percent of the fiteat idling: the number of unique

buses idling at a given time point divided by tb&at number of buses, 193.
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Figure 4.14: Number of Unique Buses Idling by Timef Day

4.5.4 Idle Summary by Month and Weather Condition

To assess the effect that time of year may hawa@amount of idling, weather
conditions can be examined in the context of meeadadling. Given that the baseline
study began at the end of February, temperaturergiyincreased over the course of
the study period. Figure 4.15 shows the total ddily for the entire instrumented fleet.
The red line is the daily high temperature, theydirze is the daily average temperature,
and the blue line the daily low temperature. Tukor format is consistent throughout
the figures containing temperature information. Tilgh, average and low temperatures
generally increase of the course of the study aegprogresses, while the amount of

idling generally decreases. This can be easilysheith lines of best fit, which have
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been removed for chart clarity. The average highestart of the study period was 65
and 85 at the end of the study period. The avdmgevas 40 to start the study period
and 60 at the end of the study period. To visuddaw these lines, use the right axis for
temperature. In the last week of March, the heghgerature never reached 55 degrees,
with lows in the mid to high 30’s. That week capends with the highest total amount
of idle for a week. Visually one can see thatttital amount of daily idling decreases
over the study period. The weeks starting M¥yad May 18 show a significant dip in
weekly temperatures, and a corresponding increassedl idling on those weeks. This
chart suggests that amount of idling, in contraghe number of buses idling, could be a

function of temperature.
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Figure 4.15: Total Daily Idle for Study Period
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Figure 4.16 shows the average daily idle per bosgal with temperature on
regular school days. The chart for regular sclda@gs shows that average amount of
idling per bus could also be a function of tempaeton weeks starting on March®21
March 28", April 25", May 2'%, May 16", and May 2%, a change in temperature

appears to be inversely related with the averageuatrof idling per bus that week.
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Figure 4.16: Average Daily for Regular School Days

The relationship between temperature and idling t&ated using standard linear

regression methods in Excel. Figure 4.17 showsiteeage daily extended idle per bus

as a function of temperature. Only idle events értgan 120 seconds are used to

calculate this average, as shorter events suchsastbps and intersection queingare not

included since they should not be a function ofgerature (bus stops are made and

87



intersection queues are waited in, regardlessngpéeature). Again, the blue lines and
circles are the low daily temperature data, thg giamonds and line are the average
temperature data, and the red triangles and lim¢harhigh daily temperature data. The
linear regression lines appear to fit the dataaealsly well. The equation of the
regression line is shown below the chart and tlefictents for each line are presented in

Table 4.7.
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Figure 4.17: Average Daily Idle as a Function of Tmperature

I #
Where
lav = Average Ildle Time per Bus per Day (min)

= beta fitting coefficient
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T = Temperature (°F)

C = intercept adjustment constant

Table 4.7: Average Dalily Idle Linear Regression Sumary
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After examining the chart and table, the averagly ddling per bus appears to be
most closely correlated with average or low dagiywperature (R-square of 0.52). This
does not seem unreasonable, given that more idtogrs in the AM and the low
temperature is expected to have a greater effantttie high temperature on a given day
in spring. These results and functions would fikdhange significantly as more data
over the course of the year are collected. Irhtitesummer months of early August and
September, the high daily temperature may contiebimount of idling for buses

equipped with air conditioning.

4.5.51dle Summary By Location

As a result of the GIS processing performed, dlcation of all idle events for the
data range Decembet’22010 through March 312011 is shown in Figure 4.18 below.
The size of the blue dot corresponds to the lenfithe idling event. As can be seen,
most events cluster around specific locations. Mfiletted with the school and bus yard
locations, the overlap is self-explanatory. Thé &&hool locations are not shown on the
map for clarity. A graph of the full data rangeiliklay 26" was not available at time of

writing, but since the number of idle events insemafrom 16,000 to over 32,000, the
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chart would likely be even more cluttered with idigivity. The relatively blank area in
the center of the map is around the City of Maaiettd their privately run school system

and bus fleet.

Figure 4.18: Idle Event Locations on Cobb County Ma

Table 4.8 shows the breakdown of idle events bgtion type, for the full dataset
of December %, 2010 until May 28, 2011. Over half of the idle events occurred at

school areas or parking lots, which is also thegllocation category that is most
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preventable. About 8% of all of the idle eventswced outside of Cobb County. A
significant percentage of events occurred at iet#isns (16.2 %). Also coming in at
16.2% are the off-street events occurring in pevadrking lots and residences. Bus
stops account for just over 4% of all idling evenEgure 4.19 shows the same

percentages in pie chart format for comparison waithther following graph.

Table 4.8: Idle Events by Location
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Figure 4.19: Idle Events By Location
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Figure 4.20 shows the daily idle duration breakddoy location for buses.
Although the school zone accounts for 53% of aé &lents, 56% of bus idle hours
occur in the school zones. All buses do not idleach of the location categories each
day. The average idle time behind the percentiggiss figure are the average length of
time spent in each location per day per bus, weijbly the frequency a bus idles in
those locations (Figure 4.21). Because their divehare of idle time reduced from that
of percent of idle events, bus stops and inter@e@vents have significantly shorter

average idle durations per event.

# % $$

Figure 4.20: Daily Idle Time Breakdown By Location

Figure 4.21 shows that buses spend most of tiileitime per day at school zones
and off-street, which have been identified as itkedyt location for idling based on the

characteristics of idling by time and school schediBuses generally do not idle at each
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one of these locations every day, so the averdgeindes in Figure 5.21 should not be
summed for any analytical purposes.. The averagethe length of time a bus spends

idling at a locatiorwhen they do idle at that locatiptotaled by day.
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Figure 4.21: Average Daily Idle Time Per Bus By Loation
for the Buses that Idle at that Location

Figure 4.22 shows the average length of eachextat by location. Surprisingly,
the school zone idle events are comparable in tetogthe other location average times.
Inferring from the figure above, an average budstsix-minute idle event three times
per day, for a total of 18 minutes of idling in echzones. The bus stop and intersection

average idle event length are slightly longer tbgpected at 3.8 and 3.9 minutes
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respectively, comprise just 14% of the idle everkis, idle event lengths under 120

seconds are not included in this average.
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Figure 4.22: Average Length of Idle Event By Locatin

4.5.6Heaviest Day of Idling to Date

The single day with the most amount of idling néed in the study period was

March 29, 2011. On this day, there were 118 idboges, of the 160 installed and 135

reporting at the time. On that day the 118 busesraulated 77.5 hours of idle, or 0.66

hours (40 minutes) per bus. An average of alnxesttéy 4.0 idle events per bus was

reached on March 39 The reason for the heavy idling on is likely dog¢he weather

characteristics of this regular school day. The #&khperatures were around 40° F, and
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the afternoon temperatures remained around 45P#in The additional idling recorded
on this day was likely due to bus drivers warmipghe cabin. The days leading up to

March 29" were also much warmer, with temperatures readhitogthe 60's, so the low,

all-day temperature on the2&d to additional idling. This case reinforces th

correlation identified between temperature and arhotiidling.

4.5.7Summary of Extended Idling Analysis

The average amount of idling per bus per day wasd to be 29.7 minutes on
regular school days, with 80% of the installed susported idle events 120 seconds or
longer. Most bus idling occurs in off-street acti@ol zone locations between the hours
of 6:15to 7:15 AM and 1:30 to 2:30 PM. Idling wetsown to be moderately correlated
with temperature, and can be predicted as a fumciioveather on a given day with
reasonable aggregate-level accuracy.

Some additional analyses might be useful to furtimelerstand the nature and
characteristics of idling for a local jurisdictiom.ooking at idling by individual bus
routes or regions might show discrepancies betwekaols or individual terrain or built-
environment characteristics such as hills, valkeyd intersection density. Collecting
more seasonal data to see seasonal variance aaltitate an overall annual average
idling amount is crucial to fully understand thénd of school buses in local
municipalities. Collecting bus-level weekly or ntbly fuel consumption and vehicle
miles traveled (VMT) data could be used for a ®efficiency before and after studies

These studies are outlined in further detail int®ac’.4.
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4.6 Total Idling and Vehicle Activity
The average amount of activity per bus, per scaglwas needed to scale the
vehicle activity results to the proper analysisdistale (full year) and fleet size (480
buses). The data associated with weekends andblgslivere eliminated when
determining the average activity per school dayaireg mode bin. Table 4.9 shows the
average activity in trips, miles, and hours of gpien for all operating modes. The

vehicle activity is broken down further in secti®i3, prior to estimating emissions.

Table 4.9: Average Daily Vehicle Activity
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CHAPTER 5

EMISSIONS MODELING METHODOLOGY

5.1 Current Emission Modeling for School Buses
Thompson, et al., (2010) conducted a review of WOEissions model across
the United States. The study first identified thetors that affect emissions to cover
which emission models take which factors into aotowAs discussed before emissions
depend on a large number of variables; includirsgiveay, traffic, driver, vehicle and
environmental characteristics. School buses griedily built on truck chassis platforms
with gross vehicle weight ratings (GVWR) of 19,5083,000 pounds (M.J. Bradley and

Associates, Inc., 2006). The full list of factogssshown in Figure 5.1.

Figure 5.1: Factors Affecting Emissions (Thompsontel., 2010)
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The current emission models for HDDV'’s fall intea basic classes: drive-cycle-
based emission rate based models, and modal emisseomodels. School buses are
heavy-duty diesel vehicles, but the key differebeaveen modeling for them and
general HDDV's is their drive-cycle schedule, whislsignificantly different than most
trucks and characterized by numerous stops spaaselyctogether.

Cycle-based emission rate models, such as thdardd®BILE6 and EMFAC,
calculate average fleet vehicle emission ratescoagen fleet composition, average
traffic speed, temperature, fuel characteristitts, Emission rates by average speed or
bhp-hr are derived from studies conducted in cBasséngine dynamometer test
programs and include exhaust emissions from bdthamd hot starts as well as
evaporative emissions. The output of MOBILES6 iaglly in grams per mile, averaged
over a certain road link characteristics. Inpatdude weather conditions, fleet
characteristics such as model year distributiohjcle activity parameters (VMT by
speed, starts per day, trip lengths etc.) andftweiulation and usage. The emission
rates are calculated based on federal test proe€BuiP) drive cycles, adjusted for noted
changes in vehicle emission rates when driven beratriving cycles (such as the New
York City Cycle and High Speed Cycle). The cyadesployed in developing speed
correction factors by facility type may not accefgtreflect the duty cycles of all
vehicles, especially school buses. There is sagmif literature available on MOBILEG6
and EMFAC emission models for the interested re@d€l, 2006), (Zietsman, Bynum,
Wieters, & Bochner, 2005), (Fitz, Winer, & Colon2§03), (Hearne, 2003), (EPA, 2011)

(CARB, 2010).
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The cycle-based emission rate models are gooahdantaining large emission
inventories by region, but small scale, projecelesmission impacts may be
inappropriately modeled due to the averaging effedterent in the model. Studies have
indicated that EMFAC can be used to estimate eonssventories based on average
traffic, roadway and weather conditions but mayb®appropriate for estimating
instantaneous emissions or the impact of traffioage@ment strategies (Thompson,
Unnikrishnan, Conway, & Walton, 2010).

In 2010, Marshall, et al., used MOBILESG to estieptivate vehicle and school
bus emissions for a study focused on determiniagrtbde choice faced by school
children’s parents and how school district assigmnean affect the environment. Little
detail is given on the emission modeling processlyand if local data were collected.
Results are not separated by vehicle type, onfddity policy scenario for both private
autos and school buses are shown (Marshall, Wilderyer, Rajangam, McDonald, &
Wilson, 2010). Emission estimates are shown foosthuses exclusively, so the results
have limited applicability to other jurisdictions.

In a Texas case study on school buses, MOBILE6used to estimate school bus
emission rates of NCand PM s, and questionnaires and interviews were usedtiimae
a school bus average speed of 20 mph as the opecatndition for MOBILEG6 analysis.
Local data collected included vehicle age distidtng, VMT, number of buses, and rural
vs. urban setting. The study estimated that sdhasés in Texas produce about 0.8% of
statewide mobile source N@missions and 3.1% of BMemissions (Zietsman, Bynum,
Wieters, & Bochner, 2005). The importance of thelgtis that it is one of the few

emission models run for school buses, but it tailaccurately model the operating
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characteristics of school buses by using a simpeage speed rather than a range of
operating conditions.

Modal emission rate models estimate instantanemission rates based on input
parameters like speed, engine power, and acceleraBome models have been
integrated with traffic simulation models to evdkighe impact on emissions of traffic
management strategies. MOVES, can be used adealiaged emission rate model by
using internal cycle-related defaults provided witd software, or as a dynamic modal
emission rate model.

Other modal emission rate models to note include@ehensive Modal
Emission Model (CMEM). CMEM was developed at U@dtside and University of
Michigan using data collected from second-by-seadrabsis dynamometer data. The
test cycles were based on CARB tests, urban drs¢hgdules, and real-world traffic
cycles (Barth, Scora, & Younglove, 2004). CMEM lkbthneoretically be used to model
school bus emissions with a few modifications, twstudy was found doing so.

Another modal model alternative is the Heavy-Diigsel Vehicle Modal
Emission Model (HDDV-MEM), developed at Georgia ieddDDV-MEM has three
main modules: the engine power, emission rateyahitle activity module. The engine
power module predicts second based engine powgeflaxtion of speed, acceleration,
weight, grade, drag, and drive train losses, axidiaty power demand. The emission
rate module estimates running emissions and idisstoms based on the zero mile level
(ZML) emission rate, vehicle age, deterioratiorerand annual mileage (Feng,
Guensler, & Rodgers, 2007). The ZML emissiongate based on MOBILEG.2 for

running rates and EMFAC2002 rates for idle emissatas. HDDV-MEM is likely to be
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the most accurate method to estimate emissions sdmnd-by-second vehicle activity
data are available and linked to roadway charatiesiat each second: most importantly
road grade, provided that accurate gram/bhp-hr weldted emission rates are available

for the vehicles in question.

5.2 MOtor Vehicle Emissions Simulator (MOVES)

MOVES was developed by the United States Enviroriaié’rotection Agency’s
(EPA) Office of Transportation and Air Quality (OTA to model mobile source
emissions. The MOVES model replaces MOBILEG6.Z2hasapproved model for
estimating on-road mobile source emissions in ptejpand environmental analyses.
The MOVES model is based upon the analysis of om#liof emission test results (EPA,
2009). The range of pollutants, vehicle typeslsiuend onroad activities modeled within
MOVES is large, but not comprehensive. MOVES duatscurrently provide the ability
to model non-highway mobile sources of emissiond,does not include default
information about alternative fuels for use in lenagge planning. The software is
approved for use in state implementation plan (SUBmissions and for transportation
conformity analyses (except in California, whemifeerent EPA-approved model is
employed due to the nature of the California-cedifleet) (CARB, 2010).

The current version of the software, MOVES201@e, imade significant
improvements to the emission modeling of heavy-aetyicles, including school buses,
over the Draft MOVES2009 version and MOBILEG6.2. AEéhalyzed data from more
than 400 in-use trucks, rather than using certificatests for previously new 1990’s

engines. The software incorporates the emissiams heavy-duty diesel (HDD)
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crankcase ventilation and from extended idling,chilwere had not been studied
significantly previously.

In MOVES, the user has the option of selectinteda pollutants to model and
specifying vehicle types, time periods, geograghaceas, vehicle operating
characteristics, and road types for modeling. Lde#a can be supplied for all of these
model elements, and are required for certain modeacales. The MOVES default
database contains emission-relevant informatiom fitee entire United States. The
sources for populating the default database incifél& research studies, Census Bureau
vehicle surveys, Federal Highway Administration (W¥K) travel data, and other federal,

state and local data sources (EPA, 2009).

5.2.1Model Overview

MOVES estimates emissions from running, starerdéd idle, evaporative,
crank case, tire and brake wear, and life cyclegsses (EPA, 2009). MOVES uses
emission rates that vary by vehicle type and opegahode, which are classified by
vehicle specific power (VSP) and current speede dimount of time spent in each bin
can be specified by default drive cycles, averadedpeed interpolation, or direct input
of data.

MOVES can provide grams per hour emission rateedch pollutant process and
school bus operating mode. These emission ratethea be coupled with bus hours
travelled in each operating mode by the CCSD schosés to estimate the total overall
emissions, on a per trip basis. The idle reduatgtimate is then applied to the operating
mode distribution of the CCSD buses and the diffeecbetween the total emissions is

compared to determine the savings and effectivenfetb® project.
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MOVES is distributed free of charge on EPA’s wéhsiThe model backbone is
written in Java and uses MySQL database featurhae.program is able to modeling
emissions for calendar years 1990 and 1999-2050VES offers three scales for
analyses: national, county, and project level. dgtormodeling purposes, the project-
level scale is used. The project level scale reguhe input of local data for analysis
using the Project Domain Manager, a database intpaolit The project level scale is the
most detailed emission modeling methodology, asifiee can specify the activity for a
group of road links in the Project Domain Manag€he software requires the user to
create what is called a run specification (runspé&gch runspec defines the vehicles
being modeled, the geographic location, the fusésy the activity, the time spans, the
pollutants to model, and other custom options tdpot. MOVES uses the name source
type to define a vehicle type. The ‘source’ reterthe source of the emissions. School
buses are source type ID number 43. Other ID nwsntan be found in Appendix B, the
MOVES Decoder.

MOVES can run in two calculation types: InventoryEmission Rates.

Inventory calculates the total quantity of emissianthin a region and time span, storing
the output in the MOVESOutput database table. Hinéssion Rates calculation type,
used in this project, calculates the emission ratespecific vehicle activities, such as
grams per hour, or grams per mile, and storesuktubin the RatePerDistance,
RatePerProfile, and RatePerVehicle tables. Thesan rate calculation type requires
more run time, but the user is able to generat®leup table of emission rates. The
definition of a scenario for the lookup table cddtion can include the vehicle age

distribution so the lookup tables can be directpleed to fleets that match that profile.
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Emission rate lookup scenarios do not specify ttezage vehicle speeds, so that vehicle
activity can be post-processed with the appropoatrating bins. A MOVES project-
level runspec can only be for one county, year,timaamd hour.

The operating modes in MOVES are specified byalelgpeed, acceleration, and
either vehicle specific power (VSP) or scaled ixecpower (STP). VSP is used for the
calculation of light-duty vehicles, while STP isedisfor heavy-duty vehicles. The
equations for VSP and STP are third-degree polyabfunctions of vehicle speed, with
an additional term which differs between VSP ané SThe additional term for VSP
includes an argument including the road gradetey #ie vehicle specific power. A
higher grade at a higher speed or acceleratiorswgilificantly affect the VSP. Higher

VSP generally leads to a higher emission rate. efjuation for VSP is:

#
$%6& )(— UG TS e 012

Where A, B, and C are road load coefficients, Mhissource mass factor in metric tons
(midpoint weight for a given source type), v is thetantaneous vehicle speed in meters
per second, a is the instantaneous vehicle actieleia meters per second squared, g is
the acceleration of gravity, and theta is the geaugle (EPA, 2010).

The operating mode bins for heavy-duty vehicleBI@VES are classified by
scaled tractive power (STP), speed, and accelaralibe STP represents the vehicles
tractive power, scaled by a constant factor fohedifferent sourcetype to fit within the
VSP-based operating mode bins for light-duty vedsiclThe equation for STP is shown
below. The road load coefficients in the equatamtor in the tire rolling resistance,

aerodynamic drag, and friction losses in the draiet(EPA, 2010).
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Where:

A = the rolling resistance coefficient [k¥éc/m],
B = the rotational resistance coefficient [&¢/m?),
C = the aerodynamic drag coefficient [k&&¢/m?),
m= mass of individual test vehicle [metric tons],
fscale= fixed mass factor [metric tons],
V; = instantaneous vehicle velocity at titen/s], and

& = instantaneous vehicle acceleration ﬁ]n/s

The STP equation does not directly account foeffects of road grade. This is
a limitation of running emission modeling methokdsotigh MOVES. However, the
instantaneous acceleration parameter could betadjtsinclude the grade effect if
desired.

EPA verified through e-mail correspondence thadlae of 17.1 fofscaefor
heavy duty trucks and buses is used (EPA, 201ahleTs.1, taken from the MOVES
technical background documents, shows the coefii€id, B, and C for school buses,
highlighted in blue (EPA, 2010). The average ndshool buses is taken as the
provided value of 9.0699 metric tons, or about @0,pounds. The rolling resistance
coefficient, A, for school buses is set to 0.748V-&/m, the rotational resistance
coefficient, B, is 0, and the aerodynamic drag ficieft, C, is 0.002176 kW3am®.
These values were obtained from previous analysdSRA’s Physical Emission Rate

Estimator (PERE).
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Table 5.1: Resistance Coefficients for Source Types

& B* -
g |= & 5 |& ") | )6 # B
& - |+ - |# & )6 2 21 828

4 24144 42044444 4744481 471314 | 4713144
! 14 421000 42441441 42444778 2/:33 %3 34
8 84 & # 420 14 42441383 42444073 23007 23 0030
8! 84> & # 47181443 470148487 4344443 124 173 1241777
/ | 114  4Padsass  4rass:1 72178 | 2 4444
/ 48 # T47/44  §2444444 4244813 071104 | 244 44
/3 | 41:/0:3  4P444444 42440 724077 | 2 4444
1 14| w# &# 20414 | 42444444 | 424481 142031 | 24 444
1! 14| | #&#  4210[188 47444444 474404 8 20/0| 2 4444
18 14 > #&# 4213077 41444444 4paall 0721141 2 4444
1 14] = 420:8. 42444444 42k 41 07:8/3 2 4444
0 04| $ 6 #&# 270814 49444444  4pasias 1728 L1 | 2 4444
0! 04| $> 6 #a# 1743104 47444444 404433 82/4 83 24444

The second-by-second vehicle activity data storethe server had already been

broken down into individual trips for the CCSD fleeonitoring webpage. Each speed-

time trace file representing a trip was processe@dch second in the trip. The

calculation of STP requires the speed and instaotanacceleration of the vehicle. The

acceleration was taken as the difference in velatitimes t and t+1, as shown in the

equation below.

Where:

V; = instantaneous vehicle velocity at titrjenph],

Vi+1 = instantaneous vehicle velocity at titrd [mph], and

a; = instantaneous vehicle acceleration [mph/s]
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The velocities were then converted to metric fagesin the STP equation using the

following equations:

+g4 =
34 =<
34< 57207 @

The STP equation was then applied to each sedorghale operation to
calculate the scaled tractive power for each secbrnehicle operation. A Perl script
was used to assign the operating mode ID to eandeof vehicle activity, based on the
criteria specified in Table 5.2. For each trige thtal amount of activity (in seconds and
miles) was summed by the operating mode bin anpubtid two separate files, one for
seconds of activity in each operating mode bin@melfor miles of activity in each
operating mode bin. Idling activity (bin 1) isaeted only in seconds of activity.

The operating mode bins for heavy duty vehiclesgiSTP is shown in Table
5.2. There are 23 operating mode bins, with Odpdgaceleration, 1 being idling, 11 and
21 are coasting, and all others are various cortibmaof cruise or acceleration.
Operating mode bin 40 is expected to have the Bigimissions for most pollutants, as
the STP is greater than 30 kW and the speed iseab@wnph. This table was adapted
from unpublished MOVES documentation from EPA. ekftliscussions with EPA, the
speed range for bins 11-16 was adjusted fronv( 25to 1 v;< 25 to avoid overlap
with bin 1, idling (EPA, 2011). Deceleration or kirag was defined as having an
acceleration of less than or equal to -2.0 mphisawing an acceleration of -1.0 mph/s
for three consecutive seconds. A query on theraipeggmode’ table in the MOVES

default database verifies this modification is usethe model runs.
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Table 5.2: Operating Mode Classification (OpModelD)

) Operating Mode | Scaled Tractive Powel| Vehicle Speefl Vehicle Accelerah
Operating Mode —
Description (STR, skw) (v¢, mph) (a, mph/sec)
a; £-200R
0 Deceleration/Brakin @, <-10AND
a;-1<-1.0 AND
a;-2<-1.0)
1 Idle -10£vy < 1.0
11 Coast STR<O0 10 £vy < 25
12 Cruise/Acceleration 0 £STR<3 10 £v, < 25
13 Cruise/Acceleration 3 £STR<6 10 £v, < 25
14 Cruise/Acceleration 6 £STR<9 10 £vy < 25
15 Cruise/Acceleration 9 £STR<12 10£v, < 25
16 Cruise/Acceleration 12£ STR 10 £vy < 25
21 Coast STR<O0 25£ v, < 50
22 Cruise/Acceleration 0 £STR<3 25£v; < 50
23 Cruise/Acceleration 3 £STR<6 25£v; < 50
24 Cruise/Acceleration 6 £STR<9 25£v, < 50
25 Cruise/Acceleration 9 £STR<12 25£ v, < 50
27 Cruise/Acceleration 12£ STR< 18 25£ v, < 50
28 Cruise/Acceleration 18£ STR< 24 25£ v, < 50
29 Cruise/Acceleration 24£ STR< 30 25£ v, < 50
30 Cruise/Acceleration 30£ STR 25£v; < 50
33 Cruise/Acceleration STR<6 50£ v,
35 Cruise/Acceleration 6 £STR<12 50£ v,
37 Cruise/Acceleration 12£ STR<18 50£ v,
38 Cruise/Acceleration 18£ STR< 24 50F v,
39 Cruise/Acceleration 24£ STR< 30 50F v,
40 Cruise/Acceleration 30£ STR 50£ v

The MOVES model adjusts the base emission ratéscted from a number of

sources for each vehicle type by factors associaitdambient environment, air

conditioning (AC) usage, inspection and maintengwograms (I/M), and local fuel

formulations. The temperature adjustments weredas emission test results from 12

heavy-duty diesel vehicles. The diesel humiditpsitnhent was taken directly from the
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Code of Federal Regulations. The internal modglstichent is only applied to NO
emissions (EPA, 2010). The I/M compliance facteese taken from the 2005 National
Emission Inventory (NEI).

The AC effects on emissions are the most notablee full AC adjustment is the
factor used for a vehicle continuously operatirg AC. Table 5.3 shows the factors for
the heavy duty emission rates. Némissions while idling may increase by more than a
factor of six (626%) when the AC is operating, wHlO emissions may increase by 13%
and HC emissions by 8%. The huge percentage ipeiadNQ emissions is mainly due
to the very low value during normal idle operat{&®PA, 2010) coupled with the

marginal increase in engine load.

Table 5.3: Full AC Adjustment Factors for Pollutant Emissions

However, the large adjustment factors are not eepeto affect our results. The
annual average low temperature was used to deeehgsion rates. The percentage of
vehicles with the AC on is a function of the hewtax, which depends on temperature
and humidity. The annual average low temperatit®iow the heat index range shown
in Table 5.4, and the expected AC on fraction igeexed to be zero for the winter

months analyzed, so the AC adjustment factor fordata will be one. For spring and fall
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months, the AC on fraction may increase, resulitnigigher emission rates for HC, NO

and CO.

Table 5.4: AC On Fraction Based on Heat Index

5.2.2MOVES Run Specification Parameters

The project-level emission rate run specificatiars selected on the Scale panel.
The Time Spans panel was set to include year 28&Imonth of May, Weekdays, and
the Hour of 8:00-8:59 AM. The month, weekday andrinformation do not represent
those actual values, the weather information ifputhese variables are based on annual
averages. May and 8:00 AM were selected to rethecaumber of modifications
required to previous input files. In the GeogragBounds panel, the region was set to
Cobb County, Georgia and the domain input datafeEsessionrates) was specified on
this tab. The On Road Vehicle Equipment panelifpddhe source use type of school
bus and the fuel type of diesel as the only fupétgombination to be modeled. The
Road Type panel selection included all five roguesy off-network, rural restricted

access, rural unrestricted access, urban restiacteess, and urban unrestricted access.
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Although there are no rural roads in Cobb Coundylassified by Georgia Department

of Transportation (GDOT, 2010), all five types oadways were selected to be modeled,
again to reduce revisions to previous input fil&se school bus emission rates do not
vary by road type, contingent upon information ezdeabout the road links in the Project
Data Manager, which will be covered later. Thdyahts selected for modeling

included total gaseous hydrocarbon (HC), carbonaxiole (CO), particulate matter 10
and 2.5 (PMo, PM 5), oxides of nitrogen (N9, and carbon dioxide (G The General
Output tab was set to use units of grams for mégsgpules (KJ) for energy, and miles

for distance. The Output Emissions Detail paned set with defaults except that the
output was specified by source use type so thatothe type distribution and average

speed would not affect the results.

“If “ Emission Rate$ are chosen on th8calepanel, output should be differentiated
by "Source Use Typé& Doing so allows VMT, Road Type Distribution,dn
Average Speed Distribution to become placeholders they must still be imported,

but their values do not impact the results)”... (ERBQ9).

All of the MOVES input panel selections are shawscreenshots in Appendix
D. To create operating mode emission rates, aapainspec was created for each of
the 23 operating modes because MOVES is not smitput emission rates by operating
mode for a single run. MOVES is capable of praviddisaggregate outputs for source
use type, model year, fuel type, emission proass road type. These separate output
options are not mandatory. For example, in thiggat, the average emission rates were
output for the fleet rather than by individual mbgear. That is, MOVES internally
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weights the separate emission rates for each eefmobel year in the specified fleet by
their specified fleet distribution to generate &rrage fleet emission rate output. To
obtain emission rates by operating mode, 23 sepanaspec files were created. The
operating mode distribution was set to 100% (‘1) déne bin and ‘0’ of all other bins in
each of the 23 separate runspecs. Since the openadde distribution can vary by road
type, hourdayID (a unique value specifying eitheekday or weekend and the time of
day), and pollutantprocessID (a unique value spifa pollutant, such as NCand a
process, such as running exhaust), the operatirtg finaction of ‘1’ was set for each
combination of those variables, with all other @terg modes set to 0 for a given
runspec. This way, each MOVES run produced thesson rates for only one operating

bin, separated only by pollutant processes.

5.2.3MOVES Project Data Manager Inputs

The Project Data Manager lets users import infoleonabout the road links in
the project scenario, link source types, the linkedschedules, fleet age distribution,
fuel, operating mode distribution, meteorology pestion and maintenance (I/M)
programs, and off-network source type fractionke Tink and off-network source type’s
fractions were set at 100% for school buses. Tdet &ge distribution was set to match
the profile of the instrumented fleet as showndati®n 2.2.3. The Atlanta regional
school bus distributions were provided by the GieoEmvironmental Protection Division
(EPD), but the age distribution for the actual 48@-installed fleet was used in
estimating emission reductions for this projechisTdifference turned out to be
insignificant given fact that idle (but not all pesses) emission rates are constant across

model years 1990-2006, which includes all vehiatethe CCSD installed fleet. This
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also reduced the complexity of the emission savaadsulation methodology, as the user
no longer has to match vehicle activity by modelnt® a separate emission rate. The

two fleet age distributions are shown in Figure 5.2
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Figure 5.2: Fleet Age/Model Year Distribution

The fuel used by all CCSD buses is the standatré\Ubw Sulfur Diesel
(ULSD). The MOVES default fuel for school buse&JisSD, so no modifications were
made to the fuel formulation.

Meteorology data were taken from two differentrees. Temperature data were
obtained from the National Weather Service ForeCéfite of the National Oceanic and
Atmospheric Administration (NOAA). The annual aage low temperature was used so

that the emission rates developed reflect the geevaer the course of the year. The low
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temperature was used rather than the average tatapebecause most school bus idling
occurs in the morning (see section 4.5.3 for metaits), and the average time of the low
temperature of the day is very close to the avestaye time of the bus idle events. The
annual average low temperature was taken fromtéties with longest history nearest
Cobb County, from the Atlanta Hartsfield-Jacksotetnational Airport (NOAA, 2006).
The annual average low temperature used was 53r@ateFahrenheit. This temperature
value was arbitrarily assigned to the month of Mag hourID 9 (8:00-8:59 AM); the
emission rates developed are yearly averages, neMOVES uses this temperature to
develop all emission rates, and it does not vartirhg of year. The average annual
humidity was taken from EPD-provided MOBILEG6 to MES meteorological transfer
files. The average annual relative humidity atNd i« Cobb County was 75.3 percent
(EPD, 2008).

The emission rates for each operating mode biderthe MOVES model are
constant in gram/hour units for all activity thatl$ into a specific operating mode bin.
When MOVES is run for one specific operating modd ane average speed, MOVES
uses the average speed in the MOVES input fileg¢ate a gram/mile emission rate for
the user (grams/hour divided by miles/hour). Famheconstant gram/hour emission rate,
a difference in average link speed determines ith@uat of time spent on that link, and
therefore the emission rate output in grams/milence, when MOVES is run for any
specific operating mode bin and average speedyrdra/hour emission rate for that bin
can be back-calculated by multiplying the gram/riléput emission rate by the input

average speed (grams/mile * miles/hour). As sushrs will find that no matter what
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speed is input to the MOVES model, the gram/houssion rate for a specific operating
mode will be a constant value.

Because MOVES requires that an average speedéeeénthe average speed for
each model run was set to the midpoint of eachadipgr mode speed range. For all bins
using a speed range of 1-25 mph (bins 11-16),\tkeage link speed was set at 13 mph.
For bins with an average speed of 25-50 mph (b1r8®), the average link speed was set
at 37.5 mph. For bins with an average speed ofrbpk (bins 33-40), the average link
speed was set at 50 mph. The gram/hour emisgies fia each bin were then re-
calculated from the gram/mile outputs using theliapple input average speed value.
An average link speed of 13 mph was used for Bgivian that the decelerating/braking
(Bin 0) will go through this speed range (25 mpHh tmph) while braking. Operating
mode bin 1 (idling) was also assigned an averanjesipeed of 13 mph because MOVES
does not output a value for idle emissions wheped of zero is employed. Because
idling accrues no VMT, the output for idling (bif i$ drawn from the RatePerVehicle
table, rather than the RatePerDistance table. REtePerVehicle table defines the
emission rates of the different pollutant procesdedling in terms of grams/veh/hr.

Three link input files were used for the 23 rurcspeThe three files were
differentiated by the average link speeds of 135 ,3@nd 50 mph. Each input file
contained five links, one for each road type spetiin the Road Type panel. The
average grade for each link was set at 0, asrtfagsmation was not available. The link
volumes were set at 0 for all types except linketgp(urban unrestricted, the majority of
roads in Cobb County). Defining a link volume ofi@ated null values for the emission

rates output, but any range of volumes above zeraat produce a variance in the
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emission rates, which is expected. Road typesdeddvolumes set to zero to avoid
calculating duplicate emission rates and shortedahiun time. The emission rates are
constant across link types given that the modelnsiing operating mode specific
emission rates and no internal drive cycle weiglgtiare being employed by MOVES to
account for driving differences across roadway sype

After all of the inputs were entered in the Projeata Manager, the model was
executed for each runspec. The output was taken tihe RatePerDistance and
RatePerVehicle tables in the output database, &omsatesout.” MySQL was used to
export the results to Excel for analysis. The smisrates per mile were multiplied by
the average link speed defined in the runspecteerd from grams/mile (which is based
on the atrtificial links) to the gram/hour emissi@rtes by operating mode bin. A series of
average link speeds were run for a single operatiode bin to verify that, when
multiplied back out, the emission rates in gramsftweere constant. The resulting
emission rates are compared across bins and entlssion rates developed by other

models.

5.2.4Differences from Diesel Emissions Quantifier

EPA’s online Diesel Emissions Quantifier (DEQ)imsttes emissions savings
from the implementation of various emission redutstrategies for diesel fuel vehicles.
The emission rates and factors underlying the DEeGJram the National Mobile
Inventory Model (NMIM). The DEQ also includes aalth benefits estimator module for
the particulate matter reductions. The tool isptynan estimator based on constant
values, and should not be used for SIPs or confgnouirposes. However, the DEQ is

the standard method used to estimate emissionstiexs and cost-effectiveness for
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EPA grant proposals that involve diesel contradtstgies. The DEQ constant emission
rates are averages that do not take into consideratnumber for variables in a project
specific fleet, such as operating mode distribytiocal temperature and humidity, and
inspection and maintenance programs.

The inputs to the DEQ include the annual idlingtsger vehicle, in our case
school buses. Other inputs required are vehige,tffeet size, fuel type and
consumption, VMT, and the idle reduction stratagipimation. Because the idle
emission rate used in the DEQ background is conhatanss vehicle ages, all of the
buses in the installed and full CCSD fleet wereemd as the same model year. An

example input screen from the DEQ online tool isvamin Figure 5.3.

Figure 5.3: DEQ Input Screenshot
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The emission savings of idle reduction techniguas the DEQ tool are
compared to the savings from the MOVES-generatedséom savings, to see the
differences associated with running a simple egbmar a complex full-fledged
emission modeling software. The emission ratess@back calculated from the
vehicle activity and the total emissions outpuld#Q, to compare the rates used in DEQ

to the rates developed in MOVES.

5.3 Vehicle Activity by Operating Mode

Figure 5.4 shows the breakdown of the total amo@intileage accumulated
while running in a certain operating mode bin,d@ekends and holidays and school
days separately. No mileage is accrued in bidlihg, because the vehicle does not
move while idling. As expected, the majority ohide miles are accumulated in bins
21-30, which correspond with a speed of 25-50 mpgharange of STP. Bins 22 and 33
have low values because those bins are higher spattdvery low STP values. Given
the nature of the STP equation with a velocity cLteem, very little activity is left in the
low power categories when the speed is high. Birs2he highest, which is moderate
acceleration (6 < STP < 9) at medium-high speefs(2 < 50). The amount of vehicle
activity is clearly much lower on weekends and dayis, so when calculating emission
totals, non-regular school days should be calcdlsgparately using the average values

presented here.
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Figure 5.4: Average Daily Vehicle Activity Per Opeating Mode Bin - Miles

Figure 5.5 shows the average daily vehicle agtivitseconds of operation per
bus on both weekends and holidays and school dagshoth weekends and regular
school days, the bin with the highest percentagene spent within is bin 1, idling. On
school days, a bus spends over 60 minutes idlitge MOVES idling bin, bin 1, requires
a velocity in the range of -1 to 1 mph. The amafntling reported in the vehicle
activity includes all events less than as welloagér than 120 seconds, such as bus stops
and intersections, and unnecessary extended idéilegevents were defined as 120
consecutive seconds of speed less than 4 mph idléhanalysis in the following
sections to remove operationally required periddb® bus being stationary. A small
amount of the idling from an instantaneous spedaevast over 1 mph from GPS

wander likely falls into bin 12, where the speefui over 1 and the STP equals 0. This
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amount of idling missed due to GPS wander was estidito be a very small percentage
of the dataset considered. The rest of the binsoappately follow the vehicle activity
distribution for mileage, but the relationship @ tinear. For every second a bus spends
in a higher speed bin, a larger amount of VMT isusculated than for each second at
lower speeds. The amount of total idling constsutver 38% of engine operating

duration for the studied vehicles.
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Figure 5.5: Average Daily Vehicle Activity Per Opeating Mode Bin (Seconds)

Figure 5.6 shows the adjusted total estimated aroperation of the full 1150-
bus CCSD fleet. Again, bin 1, idling is shown ®dwer 38% of all vehicle activity. The
vehicle activity amounts shown in this graph dikgeffect the emission totals when
multiplied by the emission rate by operating moate @' he other bins that have a
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significant amount of activity are bin 12, low-spd@gh-power acceleration; bin 0,
braking, bins 11 and 21, low and medium-speed cwgsind bins 16, 23, 24, 25, relating

to a standard acceleration profile through a rarfggeeds and STP’s.

32110 4

144 444

814 444

844 444

114 444

- 144 444

© 14444

™ 44 444

14 444

4' T T T | — T 1

4 '8/ 1 01! 1 igy 111 1317 8488818 8387/4

Figure 5.6: Total Estimated Annual Fleet Activity by Operating Mode Bin

5.4 Emission Rates

5.4.1MOVES

The emissions rate lookup tables created frofMO& ES run specifications are
shown in this section. A summary for the key ciggollutants is provided in Table 5.5,
and the full range of emission rate lookups cafobad in Appendix C. The emission

rate for NQ varies across the operating mode bins as a funofiengine load. The
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maximum emission rate for N@ccurs in operating mode bin 40, with a rate 27
grams per hour. The maximum rate for RN in bin 30, with a value of 198.5 grams
per hour. The maximum rate for RMs similarly bin 30 with a rate of 192.6 grams per
hour. Total gaseous hydrocarbons (HC) are relgtm@nstant across operating mode
bins. The rate for HC emission is 24.5 grams perr land nearly increases to 32.1 grams
per hour in the high-speed bins (bins 33-40) likdilg to fuel enrichment under heavy
load conditions. The carbon monoxide emission isagémilarly nearly constant across
bins, but the higher speed bins have a slightipéigmission rate at 136.4 grams per
hour. The total atmospheric carbon dioxide emisside is highest in bin 40, followed

by bin 39 with rates of nearly 369,356 grams peurtamd 302,200 grams per hour

respectively. These emission rates are shown gaphby bin in Appendix E.
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Table 5.5: Emission Rates by Operating Mode

1 #
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The idle emission rates are constant across atiatipg mode input and average
link speeds. The combination of start exhaustcthaekcase start exhaust, the extended
idle exhaust, and the crankcase extended idle sxnates are shown in Table 5.6. The
rates are in grams per vehicle per hour and cldetyw the rates as specified in the
2009 MOVES Draft Heavy Duty Emission Rate Developtocumentation (EPA,
2009). Bin 200 is extended idle and was run in ME3Mo determine if any differences

exist between standard and extended idling. Thgd&d@ssion rate was not given for
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standard idling. In calculating total emission thte for extended idling (60 minutes or

more), 9,066 grams per hour is used.

Table 5.6: Idle Emission Rates by Idle and Extendeltlle Operating Mode

1 # #2
04 ( 4 $8' 4 &: ) $
" 1078 ?7. [?4:] /1?1 317 4
' 144 10?78 [?148 [?4:: [:?1 317 7 400

Table 5.7 shows the base idle emission rates thendraft 2009 MOVES
document (EPA, 2009). The base idle rates arhthlipigher than those calculated in
the MOVES runs because they are the base ratesyeredhot adjusted for temperature,
humidity, air conditioning, and fleet age distrilmt. The NQ emission rate for MY
1990-2006 is 227 g/hr. The HC rate is 56g/hr a@di£91 g/hr, compared to the project-
specific MOVES-calculated rates of 216 g/hr for N@7 g/hr for HC, and 85 g/hr for
CO. The lower rates are likely due a slightly neti)ian average bus fleet. The emission
rate outputs from MOVES for this project appeasoeemble by comparison to the base

2009 MOVES rates.

Table 5.7: MOVES Heavy-Duty Vehicle Base Idle Emissn Rates

1 #
4 ) ( ;
6774 ! 43 3/
7746'440 1 10 7
144: 14 18 7
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5.4.2DEQ Emission Rates

DEQ assumes default values of 13,000 VMT, 1,590 of fuel, and 270
idling hours per year per school bus (NCDC, 20Ih)ese values were adjusted to match
the characteristics of the CCSD fleet, which ar®0Q VMT, 1,642 gallons of fuel, and
194 idling hours per year. The DEQ user guideestitat the idling emission rates for
CO and HC are zero (NCDC, 2010).

After running the DEQ software, the emission ratese back calculated from the
emission total results. The total emissions pear y&r each pollutant were divided by the
total hours of operation for the analyzed fleegéd the grams/hour rate for comparison
with MOVES. The PM rates are reported togethdd&HQ, and they assume that 96% of
all PM is fine or PMs (NCDC, 2010). Therefore, the MOVES PM rate shasvior
PM.s The DEQ emission rates are significantly lowemntthe MOVES emission rates
(Table 5.8). The overall emission rate from MOME$he total emissions divided by the

total hours of operation for each pollutant.

Table 5.8: Overall Emission Rates: MOVES and DEQ

2 1
#2 .

1; 4 1 < 55
( 3?71 /7 ?48 4@
4 87?/1 17?84 3@
47! 88?/7 3@
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Although the emission rates (and therefore sayiagsmuch higher in MOVES
than DEQ, the latest approved model was desirée iessed when determining the
emission rates. Also, the MOVES rates are likebremaccurate, since they are based on
the operating mode distribution of an actual vehftdet, and include adjustments for
temperature and a number of other factors.

Table 5.9 shows the comparison for the idling smisrates in terms of grams
per hour. Again, the MOVES rates are higher tlmmse in DEQ. The HC and CO
emission rates were not able to be calculated, BE@ot output any HC or CO
emissions from idling despite entering a savingsgrgage defined as the amount of
emissions from non-start processes. Using a \@l6e943 pounds/gallon of diesel and a
12/44 ratio for carbon and carbon dioxide moleculdége CQ emission rates here
translate to 0.44 gallons/hour (DEQ) and 0.78 galleour for MOVES. Both tools seem
to use a constant fuel consumption ratio to deteertihe CQ emission rate, which calls
for additional modeling accuracy. The idling emissbetween MOVES and DEQ rates
are much closer than the overall rates, sincediimggiemission rates are calculated as
constant over model years in both programs. Howele large discrepancy between
DEQ and MOVES emission rates may be a significgsue with respect to control
strategy emission reduction potential and compagatost-effectiveness evaluations

when the DEQ is required for use in the preparatiogrant proposals by EPA.
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Table 5.9: Idling Emission Rates: MOVES and DEQ

1
#
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5.4.3ldle Emission Rates from Other Studies

A study by the Texas Transportation Institute (JTddllected emissions data from
five diesel school buses with Portable Emission $deament Systems (PEMS) from the
Texas fleet (model years 1987-2004) with two dédferLow-Emission Diesel (LED)
fuels. The sulfur content of the two fuels wer@ Ppm and 5 ppm, classifying them both
as Ultra Low Sulfur Diesel (ULSD) fuels. The stualgo used local data to run
MOBILES6 to perform an emission rate comparisone Tihdings of the study suggest
much lower emission rates than would be calculas#g MOVES (26 g/hr for NQ 2.2
g/hr for HC, and 4.4 g/hr for CO). The weathettloa test days (July 11-16, 2006)
ranged in the high 70’s to mid-90’s (TTI, 2006)owkver, the temperature used in the
development of the MOVES emission rates was 52edmsgmwvhich partially explains the
higher rates in the model. The study by TTI usexwlegic drive cycles on a 6,000 foot
level test track. Although care was taken to selsgresentative drive cycles, the in-use
GPS vehicle activity data in this study are the nagsurate method for determining
drive cycles and operating characteristics. Thelleest track (more representative of
Texas than Atlanta metro) and long cruise peridasyl left out grade-based high engine

load events, which are a major contributor to alission processes. In TTI's study, the
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buses were also not in cold start mode, they warened up for at least 20 minutes
before each test run. The combination of thesediements: cleaner fuel, flat track,
basic drive cycles, higher temperature, and thesbgges being warm are expected to
account for the difference in the emission rafBse TTI study also developed idle
emission rates in MOBILEG6, and the results areiigantly higher than the cycle tests.
The author mentions that the drive cycle usedenMI®BILE6 method is different, and
the MOBILE6 model accounts for cold-start emissjamsereas during their test, only
the first of each group of 7 runs was cold-st&ertainly, the study indicates that a much
more detailed field study of school bus idle entisgiates is warranted.

J.S. Kinsey performed an idle emission test ord&sgel school buses in the
northeastern US in winter 2005 to assess the aféawss of shutting off the bus vs.
leaving it running, under the assumption that lestart emission rates are higher than
continuous idling rates. The buses in the studyewethe model year range 1997-2004,
but used regular diesel with a sulfur content @& ppm, rather than the Cobb County
standard ULSD, with 15 ppm maximum sulfur contefihe study found emission rates
for NOy, CO and PM5s to be slightly higher after restarting the buse Talculated
average emission rates (after hot-restart) weréhr&gr NQ,, 31.8 g/hr for CO, and 0.34
g/hr for PM s (J.S. Kinsey, 2007). Continuously running emissiates were slightly
lower. These rates are all significantly lowenthlae DEQ and MOVES idle emission
rates, perhaps in part because the buses had D@C@samkcase ventilation filtration
systems installed, but additional field studiesesgppvarranted to verify MOVES.

TravelMatters uses a rate of 8.2 pounds of 8€& mile for Class A transit buses

in the MARTA fleet, which equates to 3,723 gramsipée, much lower than the DEQ
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and MOVES emission rates for school buses (Travevie 2002). The emission
estimator from TravelMatters is based on the Md@b#enodel, with NOAA 2002
weather information and Federal Transit AuthorEf Q) database data (TravelMatters,
2011). Transit agencies are typically under higitessure to reduce emissions from
their fleet as they are more publicly visible imts of emissions. The study will show
later that school bus emissions are just as sggmifj if not more significant, than those
of transit agencies in metropolitan areas.

A study on modal emission rates of heavy-dutyelieshicles went into detailed
statistical analysis to assess the idle emissi@s tzased on emissions data and matching
engine load information about diesel transit buses one truck tested in two separate tests in
2001 (Zhou, 2006). The idle mode was chosen asdspe2.5mph and acceleration <=
1mph/s. A bootstrap analysis was used to estithataverage emission rates. These are
again for heavy duty trucks and transit busesheemissions may vary from school buses
due to engine differences. The bootstrap anatgsisaled very wide confidence intervals,
which for NQ, and CO exceed the MOVES emission rates.

The most comprehensive tests on school bus idigsem rates known is from a
thesis from Rowan University. Hearne (2003) wds &buse the Aberdeen Test Center
environmental chamber in Maryland to test schoal idie emissions of a range of
temperatures (20-85F) and humidity values (40-90%ixee different buses were tested
and the idle emission rates were, on average, gAtfor CQ, 112 g/hr for N@, 1.5
g/hr for PMp s, 34 g/hr for HC, and 81.99 g/hr for CO (HearneQ@0 These results
follow much more closely with the MOVES rates, esaly for CO and HC. An
examination of similar scope would be beneficialtfee engine types in the CCSD buses,

to obtain locally accurate idle emission ratese €omparison across all of the

129



mentioned studies is shown in Table 5.10. As @asden, there is a clear wide variation
on the idle emission rates based on a number tdriamentioned previously and car
should be taken when selecting the appropriatestomisate for savings reduction
calculations and other policy and planning perspest After this analysis, the MOVES-
produced rates still seem a bit high, but are withe 95% confidence intervals

developed by Feng for N@nd CO in HDDVSs.

Table 5.10: Idle Emission Rates (Grams per Hour)
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CHAPTER 6

FUEL SAVINGS AND EMISSIONS REDUCTIONS

6.1 Fuel Savings Estimation

Estimated fuel savings were calculated by handguse current national diesel
price of $3.95 per gallon (EIA, 2011). The numbggallons per hour consumed by
school buses is generally considered to be 0.30rgaper hour, as discussed in the
project introduction (EPA, 2011). Given the averagily idle activity per bus, an
annual fuel savings cost can quickly be calculéedhe 480-vehicle instrumented fleet
and Cobb County’s full 1150 school bus fleet, ugmgfollowing equation:

% & ABC

Where:

S= Annual Diesel Savings (gallons/year)

N = Number of buses in the fleet (bus)

P = Percent of buses in fleet that idle (%)

I, = Average idle reduction per bus per operating (tayrs/bus/day)

D = Number of operating days per year (days/year)

F = Rate of diesel consumption for an idling sdhme (gallons/hour)

The average amount of idling reduced is defineskeition 6.3.1. The number of
operating days is taken as the number of schod uheg year, which from the CCSD
calendar was 180 days for the 2010-2011 school yEae annual savings in gallons is

then multiplied by the cost per gallon of diesel¢calculate the annual savings in dollars.
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6.2 Fuel Savings Results
Using the fuel savings equation explained in tl¢hmodology section, the
expected annual fuel savings for the CCSD projeet®e tabulated. The results are
shown in Table 6.1. Using the values collectedhftbe analyzed idling data, CCSD can
expect to save almost $68,000 per year with thaliesd fleet and nearly $162,000 per
year if the entire fleet is installed with the caments needed for the anti-idling system.
These values assume the cost of diesel is $3.98aflen and that the rate of fuel

consumption in idling buses is 0.50 gallons perr{&rA, 2011), (EIA, 2011).

Table 6.1: Estimated Fuel Savings
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Table 6.2 shows the estimated fuel efficiency imwpment by limiting idling
using the system. CCSD provided us with 2010 tMT and fuel consumed by the
entire fleet. Overall, the CCSD buses achieve8 fg, which could be improved 2.2%
to 6.836 mpg after a year of implementation onftitifleet. The nearly 41,000 saved
gallons is equivalent to reducing VMT by 275,000a%i Dividing the dollar amount of
fuel savings by the number of days results in tidaerof $908 wasted on fuel used
during idling every day. With 80% of the 1150 baigding (920), that's $1 per bus per

day wasted.
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Table 6.2: Estimated Fuel Efficiency Improvements

44 & # B#f < ? (
+'& 10708 0708 4@
- # 33317 /4730 3/:188 @
B# E |:F17014 EO371 [ E :17::11 @
' 0703 0738 @

6.3 Calculating Total Emissions

Total emissions were calculated using the emissitslookup tables developed
in MOVES and the operating mode bin total seconsisildutions from the CCSD
vehicle activity data. For example, the total setoof activity in operation mode 12,
coast/acceleration with STP between 0 and 3 anedspetween 0 and 25 mph, was
multiplied by the each pollutant’s gram/second einis rate for operating mode 12
(from the RatePerDistance table). After calculatime total emissions for each operating
mode, each pollutant was summed to obtain the ¢otésion inventory for the study
period.

The resulting emission inventory would be for ith&talled fleet over the course
of the entire dataset defined earlier, the baselmession rates. To obtain the total
annual emissions for the project fleet of 480 bwsesthe CCSD fleet of 1150 buses, the
total emissions have to be adjusted on a per-bsis.bdhe amount of activity in hours
for one bus on one day spent in each bin is totabedss all trips, and then averaged
across all buses. Because the operating chastdere significantly different on
school days and weekends, these days are sepanatetifferent averages are calculated.
The resulting average activity per bin per busdasris then multiplied by the number of

buses in the analysis fleet, the number of daysaoh type (school day or non-school
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day), and the emission rate per hour to obtaindts annual fleet emission for a given
pollutant. Idle emissions are calculated on aspepnd basis since no VMT is accrued

while idling.

6.3.1Emissions Savings from Idle Reduction

The potential maximum reduction is the total agerdaily amount of bus idling
exceeding 120 seconds per event each day. Howadirainating the full amount of
idling will be difficult to achieve. For the purpes of these analyses, the amount of
idling expected includes all events longer thae fivinutes. To estimate reductions, all
events with lengths longer than five minutes aagdkd in the database and the average
idle time per bus per day is quantified again withihe extended idle events to estimate
the average amount of idling that remains aftetegy implementation.

To estimate the emission savings from the baselmigsion rates that would be
associated with elimination of excessive idlings #xcess idle time can be removed from
the activity in the idle operating mode bin (Binak)d recalculating emissions for that
bin. Because no other activity bins will be afeattonly the total emissions from Bin 1
need to be re-calculated. After Bin 1 emissiomsraduced, the new emissions total is
compared against the baseline scenario emissiaretéomine the savings. Similar
processes could be used to adjust the emissionafimus policy implementation tests,
such as eliminating all school bus activity ovespaed of 55 mph, but the project focus is

to determine emission savings from idle reduction.
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6.4 Total Emissions

6.4.1Baseline Scenario Emissions

6.4.1.1Using MOVES Rates

The emission totals shown in Table 6.3 are thed Botnual estimated emissions
from the 480 bus project fleet, using the ratemdfMOVES. The amount of NO
emissions is expected to be 197.3 tons per ye#r, Wio, or 33.7 tons, coming from
idling alone. Approximately 6% of PM and @@missions come from idling, and as
much as 55% of HC, and 36% of CO are from idlingssions. These high rates are
explained by the fact that the emission rates iangag between idling and all other bins
for HC and CO, and that idling is 38% of all adiyvi Each bus emits hundreds of pounds

of pollutants per year, in addition to approximated tons of CQ

Table 6.3: Baseline Emission Estimates from MOVESof 480-Bus Project Fleet
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Table 6.4 shows the annual emission estimatethéoentire CCSD bus fleet. The
emissions per bus and percentages from idlingn@edme as in the previous table.
These rates are tied to constant factors that arghted averages of the operating mode
distribution and emission rate for each of thosesbiThe total amount emitted from the
CCSD fleet per year is estimated to be 472 torid@yf, 28.2 tons of PMs, 27.4 tons of

PMy, 32.2 tons of hydrocarbons, 88.5 tons of carbonarmle, and 57,000 tons of GO
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A quick comparison to estimates for €émissions for the local transit agency,
Metropolitan Atlanta Rapid Transit Authority (MARTAshows that Cobb County
school buses alone emit 41% of MARTA'’s 138,900 toh€0O, from the bus fleet
(TravelMatters, 2002). Given that the VMT per Imiabout 11,000 annual miles per
year for CCSD, and 45,000 miles per year for MARTH#g fact that the CCSD buses
emit over 41% of the local transit agency is siigaifiit. Estimates combining the Atlanta
region’s school bus fleets across ten counties @valmhost certainly show that school
bus emissions greatly outweigh the amount from MARihd other local transit agencies
with much smaller fleets, and more attention shd@gbaid to reducing the school bus

fleets’ emissions.

Table 6.4: Baseline Emission Estimates from MOVESof 1150-Bus CCSD Fleet
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Figure 6.1 through 6.9 provide the total annutiheted emissions of each
pollutant for the 1150 bus fleet by operating mbae Idling constitutes a significant
portion of the emissions for every pollutant. mdjiis the highest emitting operating
mode bin for N@, HC, and CO. For PM, bin 30, which is high STH @4 < v < 50,
leads the way with over 4.5 tons for both fine andrse PM. Bin 16, which is low speed
and high STP, is a close second with just ovetdhS. For C@ bin 16 leads with 9,000
tons, and bin 30 is a close second with over 7850@al emitted tons coming from that
bin.
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6.4.1.2Using DEQ Rates

The baseline annual emission totals using the BfE@he 480 bus project fleet is
shown in Table 6.5 below. The total £€€stimates are much lower because of the 80%
lower rate used in DEQ. The DEQ shows a highergrgage of NQand PM coming
from idling than does MOVES, even though the tosaslower. The prediction suggests
that idling may be more important to the N&hd PM rates than MOVES initially
estimated. The DEQ estimates that only 73.1 téMNGy will be emitted annually, and
only 1.4 tons of PM (98% of which is fine particidanatter), for the 480-bus project
fleet. Only 0.003 tons (6 pounds) of PM is estidato be emitted per bus over the
course of the year. However, the DEQ may be ustiarating these emissions given the

operating characteristics and operating mode Higion of the observed CCSD fleet.

Table 6.5: Baseline Emission Estimates from DEQ fo480-bus Project Fleet
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Table 6.6 shows the estimated total emissiondl @@SD buses using the Diesel
Emission Quantifier. The emission estimates aegraiguch less than the MOVES
predicted emission totals. The total per-bus ammssremain constant. The total amount
of NOy emissions for the full CCSD fleet is estimatedol75.2 tons, with 35.4 tons
coming from idling. In either the MOVES or DEQ ea# is clear that significant

savings on emissions can be achieved through édlaetion strategies and controls.
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Table 6.6: Baseline Emission Estimates from DEQ fat150-bus CCSD Fleet
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6.4.2Emission Reduction Estimates from Program Implemersdtion

The emission reduction estimates are based elimgall idle events greater than
five minutes in length. Using this eliminationgthverage amount of extended idling per
bus per day is reduced from 29.7 minutes to 11rutas per day on school days (a 63%
reduction), and from 49.9 minutes to 5.89 minutsday on weekends and holidays (an
88% reduction per bus day when vehicles idle ohdhg). The total yearly activity
generated from this lower idling amount, and thersgs were calculated and

comparisons are drawn using MOVES and DEQ emissstimates as follows.

6.4.2.1Using MOVES Estimates

Table 6.7 shows a summary of estimated emissibesidle reduction, on an
annual basis. The total amount of N®reduced from 197 tons to 167 tons, an 15%
reduction. All of the emission reductions are lolage the idle control strategies from the
project. The project is expected to save 29.9 tdO, per year, leaving just 3.8 tons
per year due to idling. The estimated savingdif@ particulate matter, is 0.6 tons, a 5%
overall reduction, and an 89% reduction of idlimgigsions. The 89% reduction of idling
emissions is constant across all pollutants, aadusction of the operating mode

distribution of vehicle activity and the emissiatea for each operating mode. The
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estimated 5% total savings of €@missions amounts over 1,200 tons per year. With
idle controls implemented, the contribution of erggidle to total operating emissions
should drop from 17% to 2% for NOfrom 6% to 1% for PM, from 55% to 49% for HC,

from 36% to 6% for CO, and from 6% to 1% for £0O

Table 6.7: Reduced Annual Emission Estimates from KAVES for 480-Bus Project

Fleet
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Applying the emission reductions to the entire ©Get results in the emission
savings estimates shown in Table 6.8. The laig@shgs can be seen in term of 71.7
tons of NQ, nearly 1.4 ton of PM, 15.7 tons of HC, 28.2 toh€0O, and 3,000 tons of
C0O,. Carbon monoxide from the fleet would be reduiteth the baseline value of 88.5
tons to 60.2 tons, a 32% reduction, with 3.6 offthal CO tons from idling emissions.
These estimates can be used to estimate the ¢esthafness in terms of dollars per ton
of pollutant for the purpose of implementing thkeidontrol strategies and equipment on

the remaining 670 buses without idle control equptrinstalled.
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Table 6.8: Reduced Annual Emission Estimates from @VES for 1150-Bus CCSD

Fleet
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6.4.2.2Using DEQ Estimates

The amount of savings reaped from DEQ emissidmasts are lower than that

of the MOVES results, again because of the lowassion rates used in DEQ. The

emission reduction estimates shown here very glde#bw those that were submitted

with the original project grant application. Tioal estimated savings include: 12.2 tons

of NOy, 0.3 tons of PM, and 426 tons of €Qdling emissions are all reduced 82% over

baseline amounts. The total predicted emissicies @fle reduction from the 480 bus

project fleet is 60.9 tons of NO1.1 tons of PM, 4.1 tons of HC, 10.7 tons of @64

8,323 tons of C@ Emissions in reality vary over the course ofykar, but since annual

emission rates were developed using average atemapkratures and operating

distributions, the annual results here can onlpiog&en into equal monthly amounts.
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Table 6.9: Reduced Annual Emission Estimates from BQ for 480-Bus Project Fleet
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The total estimated emissions from DEQ after tie ieduction are shown in
Table 6.10 for the entire CCSD bus fleet. @@n be reduced by over 1000 tons,xNO
can be reduced by 29 tons per year, and PM caedueed by 0.8 tons based on these
estimates. The NQeduction percentage reduction from the baselnissons is 20%,
while the PM reduction rate is 31%, and the,@&e is 5%. It is clear from this table
and the previous 3 tables that the majority ok @@issions occur while burning the
diesel during normal operation, and not duringniglli NQ, and PM have patrticularly
high emission rates during idling when compareth&running exhaust emission

amounts for those pollutants.
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Table 6.10: Reduced Emission Estimates from DEQ fat150-Bus CCSD Fleet
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6.5 Health Benefits from Emission Reductions

DEQ includes estimations on the health benefitsffine particulate matter
emission reductions. An estimated $1.3 millionatsl per year can be saved from the
reduction of PM emissions if the entire CCSD beefflis retrofitted with the idle-control
equipment and strategies. This is based on timeasd change in PM emissions and
the impact on air quality for Cobb County. Theltreaavings per year for just the 480-
bus project fleet is $550,000. The methodologyitmethe health benefits estimator
includes data from 2002 NEI data and the 2002 Matigir Toxics Assessment (NATA)
models, as well as the Environmental Benefits Mag@ind Analysis Program
(BenMAP) (NCDC, 2010). The health effects thatatecated a monetary value based
on their avoidance are: premature mortality, chzdmonchitis, acute bronchitis, upper
and lower respiratory problems, asthma exacerbatiomfatal heart attacks, hospital
admissions, emergency room visits, work loss dayd,minor restricted-activity days.
Each monetary benefit is backed by a supportingb®uraf medical benefit

guantification studies from 1987-2006.
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The value of one ton of diesel PM reduction fob@bunty is approximately
$1.097 million per ton, compared to the nationaighted average rate of $1.2 million
dollars per ton. The lower benefit per ton ratio €obb County is expected due to the
suburban and sprawling nature of the county deggitarge population of nearly
700,000.

One limitation of the benefits calculator is ttta results are presented on an
annual basis. Ideally the benefits would be regovesi as an annualized process, but this
would require an estimation of the benefits (andriorement in air quality, particularly
PM) from implementation of the idle control strageayer the lifetime of the installed
equipment and strategies. That is, emission rezhgare variable over the long term
and the health benefits that accumulate with thasiable emission reductions are based
on number of years of exposure at certain concamtisg such as 10 micrograms per
cubic meter for PM (NCDC, 2010). Another key faasothat NQ emissions also
contribute to atmospheric formation of fine partatas, and have not been included in
the PM s estimates in the DEQ model. The amount of hdsdtiefits therefore could
potentially be greater. Because the model usestgéevel population density estimates
to determine what percentage of people are exposie additional emissions, local PM
hot-spot analysis could show different benefitagfior those living in a specific areas.

Children are expected to be especially susceptibddr pollution because of their
high inhalation rates relative to body weight, therrow lung airways, and immature
immune systems (Marshall & Behrentz, 2005). Fitalefound a concentration of 1 ppm
of CO and 13 micrograms per cubic meter for,Blslt bus loading and unloading zones.

Concentrations at bus stops were even higher pt8fpr CO and 35 micrograms per
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cubic meter for PMs. The self-pollution fraction of the bus during t@mmute
increased these concentrations up to 56 ppm faorsMMile in-route with windows
closed (Fitz, Winer, & Colome, 2003). The 2006 Efegulation for annual Pp4
pollution is 15 micrograms per cubic meter (EPAL20

A significant amount of literature is available e health impacts of emissions,
especially from heavy-duty diesel vehicles, buytaee not covered here, as the focus of
the study was to analyze idling and quantify théssians of the CCSD idle-reduction
project. Significant detail is required for anagof these types, given the nature of the
human form and difficulty in quantifying in dollatke benefits of pollution reduction or
health issues caused by high levels of pollutidhe chief point is that reducing idling
cuts emissions significantly, which has notewordbgondary benefits such as health

improvement for residents, especially sensitivaigsosuch as children.
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CHAPTER 7

CONCLUSIONS

7.1 School Bus Idling Characteristics

The research reported in this thesis found tHatadouses in the Cobb County
fleet idle an average of about 64 minutes per déti, 30 of those minutes being
extended idle, in the monitored period of Januarylay of 2011. The average amount
of idling per bus per day is correlated with tengpere with an R-square of about 0.5 in
the winter and spring months; lower temperaturdddemore idling. The opposite effect
is expected for data collection in summer and fafher temperatures may lead to more
idling for those paratransit buses with AC systemssalled, to keep the cabin cool.
Approximately 80% of all buses undertake idling lfmmger than two minutes on any
given day, and each one logs on average 5.3 idleteyper day. More idle events and
more idle hours occur in the AM compared to the B to the operation characteristics
of CCSD and lower temperatures in the morning naaxehinduced idling to provide
additional heating of the bus interior.

Idling constitutes just over a third of total vellei operation time. Buses idle per
event longer in off-street and school zone locati@md shorter times at bus stops and
intersections. Most of the bus’s daily extenddd tane, on average 18.5 minutes (62%
of total idle) occurs at the school. A small sulifebuses can be considered heavy idlers
(those that idle more than 45 minutes per day),these excessive events could be
eliminated with proper education. Removing idlemg longer than five minutes could
result in an 88% reduction in idling. Idle wasidetl as being longer than 120 seconds,
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therefore more actual idling is occurring in thedithan is reported in this thesis.
Defining potential idle reduction at 90 second$ess could lead to significantly greater

reductions.

7.2 School Bus Emission Modeling

MOVES was used to develop emission rates baseg@ermating mode distribution
for even one average annual temperature (ignohegariation of emission rates
between months). Applying modal emission ratesettond-by-second vehicle activity
data resulted in emission estimates that are thealtg more accurate than other
methods, but still limited by the default emissrates that are adjusted by local data in
the MOVES model. The base rates strongly contrafdhe results. Additional
emissions monitoring studies using portable emnssineasurement devices at the
tailpipe should be completed on school buses tease the accuracy of emissions
analysis. Based upon other studies, the MOVESsonisates developed appear to be
comparable to data collected from in-use schootdusut may be higher than real-world
emission rates.

The MOVES developed emission rates were multighethe VMT-adjusted
vehicle activity operating hours in each operatimgde bin to obtain the total emissions
for two scenarios: the 480 bus project fleet ovilayear and the 1150 bus CCSD fleet
over an entire year. A more comprehensive methmaldwary temperature and
humidity over the course of the year, and includermation about road grade. All of
the data could be input into MOVES for modeling kdyut post-processing the emission
rates for each operating bin, temperature, humiditygl road grade would be faster in

terms of model run-time. Each additional variadudieled to MOVES to obtain more
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refined emission rates increases the number of M®NIaSs by a factor of 23, so
developing comparable external emission rate pastgssing routines that match the
internal mechanisms of MOVES may be more efficttah adding more input variables.
Using the DEQ to estimate emission savings thatlrérom school bus control
strategies will result in significantly lower emiss reduction projections than are
obtained from MOVES. The DEQ is much more effitignuse; however, it is important
to determine through additional studies which mgutelides more accurate emission
rates. If the DEQ significantly underestimated-mearld emissions from school bus
fleets, when comparative emission reduction and effsctiveness analyses are
performed in selecting projects for grant fundisghool bus projects will be at a
significant disadvantage for being selected. Ashstuture idle-control projects will be
less likely to be selected even though they arg gHicient and cost-effective means of

providing emission reductions.

7.3 Project Effectiveness

The project implementing idle-reduction strategieployed by Georgia Tech
researchers and CCSD mechanics designed to libsbus idling is expected to be
extremely effective in reducing idling, saving fagld money, and reducing emissions
and mitigating the health impacts associated wiling. The telematics based hardware
and software system developed represents a cistieplin implementing cost-effective
solutions to achieve environmental and financialgdor a large group of stakeholders,
most notably CCSD, school children, parents, acdllgesidents.

The study determined that on an annual basisigaiould be estimated to be

reduced from about 30 minutes per bus per dayaatald minutes per bus per day by
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implementation of a 5 minute maximum idling policyhe actual reductions produced
will be analyzed in the fall.

Annual fuel savings estimates are on the ord&7¢®00 gallons for 480 buses,
and 41,000 gallons for the whole fleet. At ne&dya gallon for the ULSD fuel, the
savings for the whole fleet amount to over $160,800ars of savings in fuel per year,
which alone is greater than the cost of impleméntatf the project over a five year
period. The final benefit cost analysis will indauthe emission reductions and health
savings associated with the project. The averagksfficiency is increased slightly
(2%) by eliminating unnecessary idling.

The emission reduction estimated through MOVE Sseion rates for the project
fleet are 30 tons of NQ1.2 tons of PM, 6.6 tons of gaseous hydrocarbbh$§ tons of
CO, and over 1,250 tons of GOUsing the same idle reduction techniques orettiee
CCSD fleet would result in even greater emissi@uictions. A conservative estimate

of the health benefits value of the PMeduction is over half a million dollars per year.

7.4 Future Research

7.4.1Emission Savings of Policy Implementations

Using the MOVES emission modeling methodologyioetl in this study, a
number of different policy applications can alscalssessed. For example, given second-
by-second vehicle activity data, the amount of gkehactivity in bins 33-40 (vehicle
speed 50+ mph) can be quantified. Realisticdhgré is little need for school buses to
travel more than 55 mph in the suburban settin@aidb County. A policy could be

developed by CCSD to monitor and eliminate all ksgieed (55+ mph) or high-load
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operations. The vehicle activity in this categoay easily be quantified through the
second-by-second data, and emission savings cqudnified.

The process would be to replace all activity ab®venph with activity at 55
mph, and determine the difference in emissiongintased policy compliance factors
should be applied to determine the amount of eomssior idling, or high-speed
operation reduced, because all bus drivers willikety comply 100% of the time with
an operating policy. However, compliance is expetb be higher with the use of a real-
time tracking system, because dispatches can ewsgify and warn drivers that cross the

threshold of the policy, in this case: speeding @&Emph.

7.4.2Engine Shut-off Idle Reduction Verification

One of the next steps in the project is to vethiy estimates developed for idle
reduction. In the coming months, nearly all buséshave been installed with the idle-
detection circuits, so that bus drivers are beiagkied and will be notified of their excess
idling status by the CCSD bus dispatchers. Thécleehctivity records after the system
is fully functional will reflect any changes in idg that were made before and after the
installation and driver warning system was impletaedn The estimate of idle reduction
made in this study was the elimination of all idieents longer than five minutes.
Additionally, a similar analysis will be performadter the engine shut-off circuits are
installed, to determine if additional idle reducisoare accrued due to warning+shut-off
rather than just the warning system. With effextiNspatcher notification, the marginal
benefit of additional shut-off control may not siggantly reduce emissions much further

than the idle warning system; driver notificatiaa dispatchers may be enough. Most
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bus drivers understand the implications of idlimgl avill be given additional training

before the engine shut-off phase of the projecirizeg

7.4.3 Engine Shut-off Emissions Reduction Verification

Unfortunately, under the ARRA funding program,fands can be dedicated to
emission testing to verify emission reductionsrtétale emission monitoring systems
could be installed on the tailpipes of a numbahefCCSD buses to quantify the actual
pollutant emission rates. Linking the emissioradaith the vehicle activity data would
better determine the actual emission rates of epehating mode. The linkage of this
data would result in improved emission estimatspeeially idling emission rates. The
analysis of emission reduction and savings coulcebpplied using the new field-
collected emission rates rather than estimatesileddd through MOVES, and true
project cost-effectiveness could be calculatede MIOVES model accuracy (and other
models, such as DEQ and HDDV-MEM) could also be pared to determine whether
the range of assumptions and model parametersaetupredict the emission for the

analysis fleet.

7.4.4Determination of Allowable Idle Time

To increase the accuracy of the length of idlimgdach location type mentioned
in section 4.2.4, more work can be done to using Bldetermine the distribution of
idling lengths. A small scale analysis was perfedmn this study, but that was after the
idle events had already been filtered by a minini2® second length. To determine the
full distribution at each location, all idling eusneven as short as one second) could be
considered. ltis very likely that the averagegténof a bus stop is less than 120 seconds,

so the analysis performed before was only lookingeadistribution for a subset of bus
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stops (the longer than average subset). The aaaton process using GIS would be
the same as before, using different geo-fencingpaoximity functions with a hierarchy
of place to determine the categorical locationdtihg. After categorizing the idling
events into bus stop, intersection, school areapboetwork, on-street, and off-street
idling events, each subset of data could be andlyzedetermine the characteristics of
idling and waiting at that specific location.

Including the additional idle that may have beassed in this analysis or
excluding additional idle that should not have bewtuded (allowable idle) will not
change the emission rates developed in MOVES Hautatal idle activity and therefore

emissions could increase based on the proposeddudtigies outlined below.

7.4.4.1Bus Stops

Using the latitude and longitude coordinates ftbBnGPS units and the idle state
reported to the server in combination with geocdolesistops provided by CCSD, the
average length of idling (average bus stop time)a=adetermined for the entire installed
fleet. Additionally, averages could be establisf@deach individual school or each bus
route to accommodate longer loading times for haapped students. At a school bus
stop, the 98 percentile of the bus stop length in seconds cbaldsed to classify idling
events, whether that is 60 seconds, 90 secondsiatiner value. Given the new bus-stop
specific allowable idling time, any idling abovedlestablished amount would go into the
idle event repository. Dispatchers could then whendrivers of the excessive idling
occurring at a certain bus stop. Determining wiheses daotidle at an intersection
would require further GIS analysis. Refining thiewable idle time at bus stops from

the 120 seconds used in this study could incrdesarnount of idling reduced, as well as
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providing a more accurate assessment of allowdkl#dimes for bus stops. Similar

processing could be performed for various speeiddable) idling events and locations.

7.4.4.20ther Allowed Idling Locations

Other locations where refining the allowable itilee might be appropriate
include: bus maintenance yards, intersectionssahdol bus loading/unloading areas
and parking lots. Intersections would likely hakre greatest variation in idling time, as
predicting the length of queues in seconds at gdelsection in Cobb County at certain
times of the day would be difficult. The time aslepends waiting at an intersection is a
function of numerous different variables such emsetof day, traffic congestion level in
the area, the phase during which the bus arritiedength of that phase, the signal
characteristics (pre-timed, actuated, coordinagtm), pedestrians, and geometric or
physical constraints. After finding the distribaniof idling (queuing) times for school
buses near intersections, thé'@®rcentile could again be used as the acceptible i
time, with events exceeding that length classifyasgan unnecessary idle event.
Whereas unnecessary idling at schools can be Wiamtrolled by the driver, extended
idling at intersections cannot. The school disttean assemble the delay information and
use the data to lobby for changes in signal tinpgrations at the intersections in
guestion to reduce the idle and delay experiengdatdédbuses.

School loading and unloading areas can be analyzadimilar way to bus stops,
but the results would be limited to information poses only, as there is no need to have
the bus running while students get on or off the. b8chool areas should have a very low

allowable idling time. The treatment for bus mair@nce yards would be contingent
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upon what maintenance was needed on each bus trad ifpe of maintenance required

the engine to be on or not.

7.4.5Matching Vehicle Activity Record to Road Network

To quantify the impacts of road grade and furitherease the accuracy of engine
load power calculations, and therefore emissiongii® MOVES modeling framework,
the vehicle activity should be matched to road ekinformation. Each second of
vehicle activity data would be matched by latitashel longitude coordinates reported by
GPS to positions along the road link and the assediroad grade. The location of the
link and the grade at that location could providerendetailed information about the
characteristics of engine power on the second-bgrebasis. The matched road
network activity information could also be usecdedity by the HDDV-MEM method

mentioned previously for potentially higher-accyramission calculations.

7.4.6Further Idle Analyses

Because our study period consisted of only threeths in the spring, the
resulting average values as discussed in Chater Wmited in their applicability.
These average idle values might not apply to sumfakior winter. The idling amounts
are also specific to Cobb County, Georgia. A nundbéactors such as weather, climate,
local or state idling policies could greatly infhue the amount of idling per bus. To
implement a similar project in other municipaliti®gh large bus fleets or a large air-
guality-sensitive population, it is recommended theal sample data be collected to
assess the cost-effectiveness of a given projduet. local values can be estimated by
following the same modeling methodology outlinedhis thesis. For example, the

annual average idle amount determined in a stu@kiahoma was 23.7 minutes, but

156



varied across all months of the year (Anderson &nGtoss, 2009). Depending on the
size of a bus fleet and local fuel price, the dédfece between 30.1 minutes as found in
this study for the spring months of March, AprihdaMay and 23.7 minutes can make a
significant difference in terms of fuel savings.

Individual bus routes, schools, and regions withcounty may undertake
differing amounts of idling. For example the cuét@and idea of idling could vary by
school due to parent or teacher influence. Somepg of bus drivers may consider
idling to be serious, and others may not think i ibig deal. Geographical features by
region of a county, such as a valley where weathprbe significantly different than
other areas of a county, could affect the averdigetime per bus in that region. Route-
specific idle variation is most likely directly e¢kd to driver behavior, but over a longer
course of time, after driver changes, certain busas may have more idling due to
specific nature of the route, such as limited pdaoepark and shut off the bus at the
beginning or end of the route.

With bus-specific information from the CCSD Fuebter records, an average
mile-per-gallon diesel consumption rate could beigeined as a before-and-after study
for the implementation of the different phaseshef project. The mileage and diesel
consumption per bus is readily available and aeghivp to at least a year in their
database. An example analysis of the annual agdusl economy improvement was
performed in the Oklahoma school bus idling stullyderson & Glencross, 2009). An
additional improvement that could be made on thidysis to re-process the trip files so
that any activity that is within an extended idNeet is included in the idling total, even

though the instantaneous speed may have jumpeaf the -1 to 1 mph speed range due
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to GPS wander. This effect was estimated to beyasmall percentage of the dataset
considered.

This thesis has presented a methodology for muglétie potential emission
reductions from the implementation of an anti-ipiegram, as well as an analysis of
school bus idling activity for a large school distin the Atlanta metro area. Coupling
grams/second operating mode emission rates froBRHAeMOVES model with second-
by-second vehicle activity allows researchers &ppre more refined estimates of bus
emissions under real-world operating conditionsing the patent-pending circuit to
detect whether the bus engine is on and whethdyubés stationary, greatly improves
the accuracy of idle estimation and consequenthysgion reduction estimates for the
idle control program currently being implementetieprojected emission reduction
from the extended idle notification and automakiateff system should be very
significant, an estimated 15% reduction in emissioNNQ,, 5% reduction in PM, 49%
reduction HC, 32% reduction in CO, 5% reductiolCi@,, and saving an estimated
17,000 gallons in fuel. The system even has thenpial to pay for itself through the
reduction in fuel consumption, amounting to anreated $67,000. The reduction of
diesel particulate matter emissions in and arowhda zones will positively impact the
health of school children, parents, teachers, aisddbivers. The idle control
methodology currently being implemented constitatesnnovative and cost-effective
solution that is implementable using today’s tedbgies. The potential for expanding

the use of idle control technologies in other ragies significant.
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APPENDIX A: AVERAGE DAILY IDLE TIMES BY BUS

Figure A.1: Distribution of Average AM/PM Daily Idl e By Bus (1)

159



Figure A.2: Distribution of Average AM/PM Daily Idl e By Bus (2)
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Figure A.3: Distribution of Average AM/PM Daily Idl e By Bus (3)
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Figure A.4: Distribution of Average AM/PM Daily Idl e By Bus (4)
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APPENDIX B: MOVES DECODER

Figure B.1: MOVES Decoder
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APPENDIX C: EMISSION RATE LOOKUP TABLES

Table C.1: Running Emission Rates for All PollutantProcesses by Operating Mode
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Table C.2: Idling Emission Rates for All PollutantProcesses by Operating Mode
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APPENDIX D: MOVES PANEL SELECTION SCREENSHOTS

Figure D.1: MOVES Interface
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Figure D.2: MOVES Scale Panel
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Figure D.3: MOVES Time Spans Panel
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Figure D.4: MOVES Geographic Bounds Panel
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Figure D.5: MOVES On Road Vehicle Equipment Panel
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Figure D.6: MOVES Road Type Panel
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Figure D.7: MOVES Pollutants and Processes Panel
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Figure D.8: MOVES General Output Panel
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Figure D.9: MOVES Output Emissions Detail Panel
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Figure D.10: MOVES Project Data Manager
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APPENDIX E: EMISSION RATE GRAPHS
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Figure E.1: NOx Emission Rates by Operating Mode Bi
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Figure E.2: PM2.5 Emission Rates by Operating Mod8&in
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Figure E.3: PM10 Emission Rates by Operating Mode i
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Figure E.4: HC Emission Rates by Operating Mode Bin
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Figure E.6: CO2 Emission Rates by Operating Mode
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